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PBEFACE 

TO THB 

ENGLISH TRANSLATION 



The first English edition of this work was published in 1891, and 
that a second edition is now called for is, we think, a sufficient 
proof that the enthusiasm of the author for his science, and the 
philosophical method of his teaching, have been duly appreciated 
by English chemists. 

In the scientific work to which Professor MendeleefFs life 
has been devoted, his continual endeavour has been to bring the 
scattered facts of chemistry within the domain of law, and accord- 
ingly in his teaching he endeavours to impress upon the student 
the principles of the science, the generalisations, so far as they have 
been discovered, under which the facts naturally group themselves. 

Of those generalisations the periodic law is perhaps the most 
important that has been put forward since the establishment of the 
atomic theory. It is therefore interesting to-note that Professor 
MendeleefF was led to its discovery in preparing the first Russian 
edition of this book. 

It is natural, too, that the further application and development 
of that generalisation should be the principal feature of this, the 
latest edition. 

There are special difficulties in rendering the Russian lan- 
guage into good English, and we are conscious that these have 
not been entirely overcome. Doubtless also there axe errors of 
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VI PBIKOIPLBS OF CHEMI8TRY 

statement which have escaped correction, but we believe that the 
present edition will be found better in both respects than its pre- 
decessor. We have thought it our duty as translators to give as 
far as possible a faithful reproduction of Professor Mendel6effs 
work — the sixth Russian edition — without amplifying or modifying 
his statements, and in this we have the author's approval. 

Although other duties have prevented Mr. Greenaway from 
undertaking the care of the present edition, he has been kind 
enough to give us the benefit of his suggestions on several points. 
We also wish to thank the Managers of the Royal Institution for 
permission to reprint the lecture delivered at the Royal Institution 
by Professor Mendelteff (Appendix I.), and to the Council of the 
Chemical Society for permission to reprint the Faraday lecture 
which forms Appendix II. 

In conclusion, we are indebted to Mr. F. Evershed, who has 
given as much valuable assistance in revising the sheets for the 
press. 

O.K. 

T.A.L. 

August 1897 
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AUTHOB'S PBEFACE 

TO 

THE 8IXTH RUSSIAN EDITION 



This work was written during the years 1868-1870, its object 
being to acquaint the student not only with the methods of observa- 
tion, the experimental facts, and the laws of chemistry, but also 
with the insight given by this science into the unchangeable sub- 
stratum underlying the varying forms of matter. 

If statements of fact themselves depend upon the person who 
observes them, how much more distinct is the reflection of the per* 
sonality of him who gives an account of methods and of philosophical 
speculations which form the essence of science ! For this reason there 
will inevitably be much that is subjective in every objective exposi- 
tion of scieuce. And as an individual production is only significant 
in virtue of that which has preceded and that which is contemporary 
with it, it resembles a mirror which in reflecting exaggerates the 
size and clearness of neighbouring objects, and causes a person near 
it to see reflected most plainly those objects which are on the side 
to which it is directed. Although I have endeavoured to make my 
book a true mirror directed towards the whole domain of chemical 
changes, yet involuntarily those influences near to me have been the 
most clearly reflected, the most brightly illuminated, and have tinted 
the entire work with their colouring. In this way the chief pecu- 
liarity of the book has been determined. Experimental and 
practical data occupy their place, but the philosophical principles 
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cf oar science form the chief theme of the work. In former times 
sciences, like bridges, could only be built up by supporting them 
on a few broad buttresses and long girders. In addition to the 
exposition of the principles of chemistry, it has been my desire to 
show how science has now been built up like a suspension bridge, 
supported by the united strength of a number of slender, but 
firmly-fixed, chains, which individually are of little strength, and 
has thus been carried over difficulties which before appeared in- 
superable. In comparing the science of the past, the present, and 
the future, in placing the particulars of its restricted experiments 
side by side with its aspirations after unbounded and infinite 
truth, and in restraining myself from yielding to a bias towards 
the most attractive path, I have endeavoured to incite in the reader 
a spirit of inquiry, which, dissatisfied with speculative reasonings 
alone, should subject every idea to experiment, encourage the habit 
of stubborn work, and excite a search for fresh chains of evidence to 
complete the bridge over the bottomless unknown. History proves 
that it is possible by this means to avoid two equally pernicious 
extremes, the Utopian — a visionary contemplation which proceeds 
from a current of thought only — and the stagnant realism which 
is content with bare facts. Sciences like chemistry, which deal 
with ideas as well as with material substances, and create a possi- 
bility of immediately verifying that which has been or may be 
discovered or assumed, demonstrate at every step that the work 
of the past has availed much, and that without it it would be 
impossible to advance into the ocean of the unknown. They 
also show the possibility of becoming acquainted with fresh 
portions of this unknown, and compel us, while duly respecting 
the teachings of history, to cast aside classical illusions, and to 
engage in a work which not only gives mental satisfaction but is 
also practically useful to all our fellow-creatures. 1 

1 Caemistry, like every other science, it at once a means and an and. It it a 
meant of attaining certain practical results. Thus, by its assistance, the obtaining 
of matter in its various forms is facilitated ; it shows new possibilities of availing 
ourselves of the forces of nature, indicates the methods of preparing many sub- 
stances, points out their properties, Ac, In this sense chemistry is closely connected 
with the work of the manufacturer and the artisan, its sphere is eetite, and it a 



Digitized by 



Google 



PREFACE IX 

Thus the desire to direct those thirsting for truth to the pore 
source of the science of the forces acting throughout nature forms 

means of promoting general welfare. Besides this honourable vocation, chemistry 
has another. With it, as with every other elaborated science, there are many lofty 
aspirations, the contemplation of which serves to inspire its workers and adherents. 
This contemplation comprises not only the principal data of the science, but also 
the generally-accepted deductions, and also hypotheses which refer to phenomena 
as yet bat imperfectly known.. In this latter sense scientific contemplation varies 
much with times and persons, it bears the stamp of creative power, and em- 
braces the highest forms of scientific progress. In that pure enjoyment ex* 
perienoed on approaching to the ideal, in that eagerness to draw aside the veil 
from the hidden truth, and even in that discord which exists between the various 
workers, we ought to see the surest pledges of further scientific progress. Science 
thus advances, discovering new truths, and at the same time obtaining practical 
results. The edifice of science not only requires material, but also a plan, and 
necessitates the work of preparing the materials, putting them together, working 
out the plans and the symmetrical proportions of the various parts. To conceive, 
understand, and grasp the whole symmetry of the scientific edifice, including its 
unfinished portions, is equivalent to tasting that enjoyment only conveyed by the 
highest forms of beauty and truth. Without the material, the plan alone is but 
a castle in the air — a mere possibility ; whilst the material without a plan is but 
useless matter. All depends on the concordance of the materials with the plan and 
execution, and the general harmony thereby attained. In the work of science, the 
artisan, architect, and creator are very often one and the same individual ; but 
sometimes, as in other walks of life, there is a difference between them ; sometimes 
the plan is preconceived, sometimes it follows the preparation and accumulation 
of the raw material. Free access to the edifice of science is not only 'allowed to 
those who devised the plan, worked out the detailed drawings, prepared the 
materials, or piled up the brickwork, but also to all those who are desirous of 
making a close acquaintance with the plan, and wish to avoid dwelling in the 
vaults or in the garrets where the useless lumber is stored. 

Knowing how contented, free, and joyful is life in the realm of science, one 
fervently wishes that many would, enter its portals. On this account many 
pages of this treatise are unwittingly stamped with the earnest desire that the 
habits of ohemical contemplation which I have endeavoured to. instil into the 
minds of my readers will incite them to the further study of science. Science will 
then flourish in them and by them, on a fuller acquaintance not only with that 
little which is enclosed within the narrow limits of my work, but with the further 
learning which they must imbibe in order to make themselves masters of our 
science and partakers in its further advancement. 

Those who enlist in the cause of science have no reason to fear when they 
remember the urgent need for practical workers in the spheres of agriculture, arts, 
and manufacture. By summoning adherents to the work of theoretical chemistry, 
I am confident that I call them to a most useful labour, to the habit of dealing 
correctly with nature and its laws, and to the possibility of becoming truly practical 
men. In order to become actual chemists, it is necessary for beginners to be well 
and closely acquainted with three important branches of chemistry— analytical, 
organic and theoretical. That part of chemistry which is dealt with in this 
treatise is only the groundwork of the edifice. For the learning and development 




Digitized by 



Google 



Z PRINCIPLES OF CHEMISTRY 

the first and most important aim of this book. The time has ar- 
rived when a knowledge of physics and chemistry forms as im- 
portant a part of education as that of the classics did two centuries 
ago. In those days the nations which excelled in classical learning, 
stood foremost, just as now the most advanced are those which are 
superior in the knowledge of the natural sciences, for they form 
the strength and characteristic of our times. In following the above 
and chief aim, I set myself a second object : to furnish a text-book 
for an elementary knowledge of chemistry and so satisfy a want 
which undoubtedly exists among students and those who have re- 
course to chemistry either as a source of truth or welfare. 8 Hence, 

of chemistry in its truest and fullest sense, beginners ought, in the first place, to 
turn their attention to the practical work of analytical chemistry ; in the second 
place, to practical and theoretical acquaintance with some special chemical ques- 
tion, studying the original treatises of the investigators of the subject (at first, 
under the direction of experienced teachers), because in working out particular 
facts the faculty of judgment and of correct criticism becomes sharpened ; in the 
third place, to a knowledge of current scientific questions through the special 
chemical journals and papers, and by intercourse with other chemists. The time 
has come to turn aside from visionary contemplation, from platouio aspirations, 
and from classical verbosity, and to enter the regions of actual labour for the 
common weal, to prove that the study of science is not only an excellent education 
for youth, but that it instils the virtues of industry and veracity, and creates solid 
national wealth, material and mental, which without it would be unattainable. 
Science, which deals with the infinite, is itself without bounds. 

1 I recommend those who are commencing the study of chemistry with my 
book to first read only what is printed in the large type, because in that part I 
have endeavoured to concentrate all the fundamental, indispensable knowledge 
required for that study. In the footnotes, printed in small type (which should be 
read only after the large text has been mastered), certain details are discussed ; 
they are either further examples, or debatable questions on existing ideas which 
I thought useful to lay before those entering into the sphere of science, or certain 
historical and technical details which might be withdrawn from the fundamental 
portion of the book* Without intending to attain in my treatise to the complete* 
ness of a work of reference, I have still endeavoured to express the principal 
developments of science as they concern the chemical elements viewed in thai 
aspect in which t hey appeared to me after long continued study of the subject and 
^^■nporary advance of knowledge. 

- personal views, suppositions, and arguments in the foot* 

[©signed for details and references. But I have endeavoured 

Ftext, not only all that I consider doubtful, but also those 

to special branches of chemistry (for instance, to 

fiysioal, theoretical, physiological, agricultural, or technical 

JL Geres t branches of natural science which are more and more 

1 closer contact with chemistry. Chemistry, I am convinced* 
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although the fundamental object of this work was to express and 
embrace the general chemical teaching of the present day from a 
personal point of view, I have nevertheless striven throughout to 
maintain such a level as would render the * Principles of Chemistry ' 
accessible to the beginner. Many aspects of this work are deter* 
mined by this combination of requirements which frequently differ 
widely. An issue was only possible under one condition, i.e. not 
to be carried away by what appears to be a plausible theory in ex- 
plaining individual facts and to always endeavour to transmit the 
simple truth of a given fact, extracting it from the vast store of the 
literature of the subject and from tried personal experience. In 
publishing a new edition of this work I have striven to add any mots 
of importance recently discovered * and to revise the former edition 
in the above spirit. With this object I have entirely gone over this 
edition, and a comparison of it with the former one will show that 
the additions and alterations have cost as much labour as many 

matt occupy a place among the natural sciences side by side with mechanics ; for 
mechanics treats of matter as a system of ponderable points having scarcely any 
individuality and only standing in a certain state of mobile equilibrium. For 
chemistry, matter is an entire world of life, with an infinite variety of individuality 
both in the elements and in their combinations. In studying the general 
uniformity from a mechanical point of view, I think that the highest point of 
knowledge of nature cannot be attained without taking into account the indi- 
viduality of things in which chemistry is set to seek for general higher laws. 
Mechanics may be likened to the science of statesmanship, ohemistry to the sciences 
of jurisprudence and sociology. The general universe could not be built up without 
the particular individual universe, and would be a*dry abstract were it not enlivened 
by the real variety of the individual world. Mechanios forms the classical basis of 
natural philosophy, while chemistry, as s comparatively new and still young science, 
already strives to— and will, in the future— introduce a new, living aspect into 
the philosophy of nature ; all the more as ohemistry alone is never at rest or any- 
where dead— its vital action has universal sway, and inevitably determines the 
general aspect of the universe. Just as the microscope and telescope enlarge the 
■cope of vision, and discover life in seeming immobility, so chemistry, in discovering 
and striving to discern the life of the invisible world of atoms and molecules 
and their ultimate limit of divisibility, will clearly introduce new and important 
problems into our conception of nature. And I think that its rdle, which is now 
considerable, will increase more and more in the future ; that is, I think that in 
its further development it will occupy a place side by side with mechanics for the 
Comprehension of the secrets of nature. But here we require some second Newton ; 
and I have no doubt that he wfll soon appear. 

9 I was much helped in gathering data from the various chemical journals of 
the last five years by the abstracts made for me by Mr V. V. KouriUoff, to whom I 
lender my best thanks. 
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chapters of the work. I also wished to show in an elementary 
treatise on chemistry the striking advantages gained by the 
application of the periodic law, which I first saw in its entirety in 
the year 1869 when I was engaged in writing the first edition of 
this book, in which, indeed, the law was first enunciated. At that 
time, however, this law was not established so firmly as now, when 
so many of its consequences have been verified by the researches of 
numerous chemists, and especially by Roscoe, Lecoq de Boisbaudran, 
Nilson, Branner, Thorpe, Carnelley, Laurie, Winkler, and others. 
The, to me, unexpectedly rapid success with which the teaching 
of the periodicity of the elements has spread in our science, and 
perhaps also, the perseverance with which I collected in this work, 
and upon a' new plan, the most important data respecting the ele- 
ments and their mutual relations, explained sufficiently the fact 
that the former (5th, 1 889) edition of ray work has been'translated 
into English 4 and German* and is being translated into 
French. 6 Deeply touched by the favourable opinions expressed 
by English men of science upon my book, I ascribe them chiefly to 
the periodic law placed at the basis of my treatise and especially of 
the second part of the book, which contains a large amount of data 
having a special and sometimes quite unexpected, bearing from 
the point of view of this law. As the entire scheme of this work 
is subordinated to the law of periodicity, which may be illustrated in 
a tabular form by placing the elements in series, groups, and periods, 
two such tables are given at the end of this preface. 

In this the sixth edition I have not altered any essential feature 
of the original work, and have retained those alterations which 

1 Tho English translation was made by G. Kamensky, and edited by A. J. 
maway ; published by Longmans, Green & Co. 

• Tho German translation was made by L. Jawetn and A. Thillot ; published 
Bicker (St. Petersburg). 
4 Tho French translation has been commenced by E. Acbkinasi and H. Carrion 

from tho fifth edition, and is published by Tignol (Paris). 

* Tho fifth odition was not only considerably enlarged, compared with the 
preceding, but also the foundations of tho periodic system of the elements were 
placed far more firmly in it than in tho former editions. Tho subject-matter was 

o divided Into text and footnotes, whioh contained details unnecessary for a first 
inaintanoe witb chemistry. Tho fifth edition sold out sooner than 1 expected 
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many newly discovered facte, and in this respect it is necessary to 
say a few words. Although all aspects of the simplest chemical 
relations are as far as possible equally developed in this book, yet 
on looking back I see that I have, nevertheless, given most 
attention to the so-called indefinite compounds examples of which 
may be seen in solutions. I recur repeatedly to them, and to 
all the latest data respecting them, for in them I see a starting 
point for the future progress of our science and to them I 
affiliate numerous instances of definite compounds, beginning 
with alloys and silicates and ending with complex acids. There 
are two reasons for this. In the first place, this subject has 
deeply interested me from my youth ; I have devoted a portion of 
my own researches to it, and therefore it occupied an important 
position even in the first edition of my book ; besides which all that 
has been subsequently accomplished in our science, especially during 
the last five or six years, shows that at the present day an interest 
in these questions plays an important part in the minds of a 
large circle of contemporary workers in chemistry. This personal 
attachment, if I may so calL it, to the question of solutions and 
such indefinite compounds, must involuntarily have impressed itself 
upon my work, and in the later editions I have even had to strive 
not to give this subject a greater development than previously, 
so great was the material accumulated, which however does not 
yet give us the right to consider even the most elementary questions 
respecting solutions as solved. Thus, we cannot yet say what a 
solution really is. My own view is that a solution is a homo- 
geneous liquid system of unstable dissociating compounds of 
the solvent with the substance dissolved. Bat although such a 
theory explains much to me, I cannot consider my opinion 
as proved, and therefore give it with some reserve as one of 
several hypotheses. 8 As a subject yet far from solved, I might 

8? 4hat instead of issuing supplements (containing the latest discoveries in 
chemistry), as I had proposed, I was obliged to publish the present entirely new 
edition of the work. 

• This hypothesis is not only mentioned in different parts of this book; but is 
partly (from the aspect of the specific gravity of eolations) developed In my work* 
The Investigation of Solutions from their Specific Gravity, 1887. 
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naturally have ignored it, or only mentioned it cursorily, bat each a 
treatment of solutions, although usual in elementary treatises ou 
chemistry, would not have answered my views upon the subject of 
our science, and I wished that the reader might find in my book 
beyond everything an expression of all that a study of the subject 
built up for .me. If in, solutions I see and can frequently prove 
distinct evidences of the existence of those definite compounds 
which form the more generalised province of chemical data, I 
could not refrain from going into certain details respecting 
solutions ; otherwise, there would have remained no trace of that 
general idea, that in them we have only a certain instance of ordi- 
nary -definite or atomic compounds, subject to Dalton's laws. 
Having long had this idea, I wished to impress it upon the 
reader of my book, and it is this desire which forms the seoond of 
those chief reasons why I recur so frequently to solutions in this 
work. At present, my ideas respecting solutions are shared by 
few, but I trust that by degrees the instances I give will pave 
the way for their general recognition, and it is my hope that they 
may find adherents amdng those of my readers who are in a 
position to work out by experiment this difficult but highly 
interesting prdblem. 

In conclusion, I desire to record my thanks to V. D. Sapogenikoff, 
who has corrected the proofs of the whole of this edition and com- 
piled the indexes which greatly facilitate the search for those 
details which are scattered throughout the work. 

D. MENDELfiEFF. 
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Note.— Two lines under the 
nature; one line indicates those 
la the arte and mannfaetnras 



elements indicate those which are very widely distributed in 
which, although not so frequently met with, are of general use 
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INTRODUCTION 

Thb study of natural science, whose rapid development dates from 
the days of Galileo (fl642) and Newton (fl727), and its closer applica- 
tion to the external universe l led to the separation of Chemistry as a 

1 The investigation of * substance or* natural phenomenon consists (a) in determin- 
ing the reUtion of the object under examination to that which ia already known, either 
from previous researches, or from experiment, or from the knowledge of the common 
surroundings of life— thai is, in determining and expressing the quality of the unknown 
by the aid of that which is known ; (6) in measuring all that which can be subjected to 
measurement, and thereby denoting the quantitative relation of that under investigation 
to that already known and its relation to the categories of time, space, temperature, 
mass, &c. ; (c) in determining the position held by the object under investigation in the 
system of known objects guided by both qualitative and quantitative data ; (d) in de- 
termining, from the quantities which have been measured, the empirical (visible) depen- 
dence (function, or ' law,' as it is sometimes termed) of variable factors — for instance, the 
dependence of the composition of the substance on its properties, of temperature on 
time, of time on locality, &c ; (*) in framing hypotheses or propositions as to the actual 
cause and true nature of the relation between that studied (measured or observed) and 
that which is known or the categories of time, space, <fcc. ; (/) in verifying the logical 
consequences of the hypotheses by experiment;. and (g) in advancing a theory which 
shall account for the nature of the properties of that studied in its relations with things 
already known and with those conditions or categories among which it exists. It is 
certain that it is only possible to carry out these investigations when we have taken as 
a basis some incontestable fact which is self-evident to our understanding ; as, for instance, 
number, time, space, motion, or mass. The determination of such primary or funda- 
mental conceptions, although not excluded from the possibility of investigation, frequently 
does not subject itself to our present mode of scientific generalisation. Hence it follows 
that in the investigation of anything, there always remains something which is accepted 
without investigation, or admitted as a known factor. The axioms of geometry may be 
taken as an example. Thus in the science of biology it is necessary to admit the faculty. 
of organisms for multiplying themselves, as a conception whose meaning is as yet 
unknown. In the study of chemistry, too, the notion of elements must be accepted almost 
without any further analysis. However, by first investigating that which is visible and 
subject to direct observation by the organs of the senses, we may hope that in the first 
place hypotheses will be arrived at, and afterwards theories of that which has now to be 
placed at the basis of our investigations. The minds of the ancients strove to seise at 
once the very fundamental categories of investigation, whilst all the successe s of recent 
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particular branch of nataral philosophy, not only owing to the in- 
creasing store of observations and experiments relating to the mutual 
transformations of substances, but also, and more especially, because 
addition to gravity, cohesion, heat, light and electricity it became 
assary to recognise the existence of particular internal forces in the 
ultimate parts of all substances, forces which make themselves mani- 
fest in the transformations of substances into one another, but remain 
hidden (latent) under ordinary circumstances, and whose existence can- 
not therefore be directly apprehended, and so for a long time remained 
unrecognised. The primary object of chemistry is the study of the 
homogeneous substances 2 of which all the objects of the universe are 

knowledge are based on the above-Cited method of investigation without the determina- 
tion of ' the beginning of all beginnings.' By following this inductive method, the exact 
seie-nees have already succeeded in becoming accurately acquainted with much of the 
invisible world, which directly is imperceptible to the organs of sense (for example, the 
molecular motion of all bodies, the composition of the heavenly luminaries, the paths of 
their motion, the necessity for the existence of substances which cannot be subjected, 
periment, Ac.), and have verified the knowledge thus obtained, and employed it for 
in. mating the interests of humanity. It may therefore be safely said that the induc- 
tive method of investigation is a more perfect mode of acquiring knowledge than the 
(!■ : Motive method alone (starting from a little of the unknown accepted as incontestable 
to arrive at the much which is visible and observable) by which the ancients strove to 
embrace the universe. By investigating the universe by an inductive method (endeavour- 
ing from the much which is observable to arrive at a little which may be verified and 
ih indubitable) the new science refuses to recognise dogma as truth, but through reason, 
by a slow and laborious method of investigation, strives for and attains to true de- 
dartions. 

9 A substance or material is that which occupies space and has weight ; that is, 
win* h presents a mass attracted by the earth and by other masses of material, and of 
which the objects of nature are composed, and by means of which the motions and 
phenomena of nature are accomplished. It is easy to discover by examining and 
in vi itigating, by various methods, the objects met with in nature and in the arts, that 
some of them are homogeneous, whilst others are composed of a mixture of several 
homogeneous substances. This is most clearly apparent in solid substances. The 
mot. ils used in the arts (for example, gold, iron, copper) must be homogeneous, otherwise 
tli- 7 are brittle and unfit for many purposes Homogeneous matter exhibits similar 
properties in all its parts. By breaking up a homogeneous substance we obtain parte 
which, although different in form, resemble .each other in their properties. Glass, pure 
sugar, marble, dsc, are examples of homogeneous substances. Examples of non-homo-' 
K"ii.' ras substances are, however, much more frequent in nature and the arts. Thus 
the majority of the rocks are not homogeneous. In porphyries bright pieoes of a mineral 
called 'orthoclase' are often seen interspersed amongst the dark mass of the rock. In 
ordinary red granite it is easy to distinguish large pieces of orthoclase mixed with dark 
iv m i transparent quartz and flexible lamina of mica. Similarly, plants and animals an 
non-liomogeneous. Thus, leaves are composed of a skin, fibre, pulp, sap, and a green 
colouring matter. As an example of those non-homogeneous substances which are pro- 
dur. .| artificially, gunpowder may be cited, which is prepared by mixing together known 
pm j utions of sulphur, nitre, and charcoal. Many liquids, also, are not homogeneous, at 
may be observed by the aid of the microscope, when drops of blood are seen to consist of 
a colourless liquid in which red corpuscles, invisible to the naked eye owing to their 
•mall sixe, are floating about IHt these corpuscles which give blood its peculiar colour. 
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made up, with the transformations of these substances into each other, 
and with the phenomena 9 which accompany such transformations. 
Every chemical change or reaction, 4 as it is called, can only take place 
under a condition of most intimate and close contact of the re -acting 
substances,* and is determined by the forces proper to the smallest 
invisible particles (molecules) of matter. We must dfotingnfah three 
chief classes of chemical transformations. 

1. Combination is a reaction in which the union of two substances 
yields a new one, or in general terms, from a given number of sub- 
stances, a lesser number is obtained. Thus, by heating a mixture of 
iron and sulphur 6 a single new substance is produced, iron sulphide, in 

Milk is- also a transparent liquid, in which microscopical drops of fat are floating, which 
rise to the top when milk is left at rest, forming cream. It is possible to extract from 
«rery non-homogeneous substance those homogeneous substances of which it is made 
up. Thus orthoclase may be separated from porphyry by breaking it off. 8o also gold is 
extracted from auriferous sand by washing away the mixture of clay and sand. 
Chemistry deals only with the homogeneous substances met with in nature, or extracted 
from natural or artificial non-homogeneous substances. The various mixtures found 
in nature form the subjects of other natural scien c es -a s geognosy, botany, soology, 
anatomy, &c 

8 All those events which are accomplished by substances In time are termed •pheno- 
mena.' Phenomena in themselves form the fundamental subject of the study of physios. 
Motion is the primary and most generally understood form of phenomenon, and there- 
fore we endeavour to reason about other phenomena as clearly as when dealing with motion. 
For this reason mechanics, which treats of motion, forms the fundamental science of 
natural philosophy, and all other sciences endeavour to reduce the phenomena with 
which they are concerned to mechanical principles. Astronomy was the first to take 
to this path of reasoning, and succeeded in many oases in reducing astronomical to 
purely mechanical phenomena. Chemistry and physics, physiology and biology are pro- 
ceeding in the same direction. One of the most important questions of all natural science, 
and one which has been handed down from the philosophers of classic times, is, whether 
the comprehension of all that is visible can be reduced to motion ? Its participation in 
all, from the ' fixed ' stars to the most minute parts of the coldest bodies (Dewar, in 1894 
showed that many substances cooled to — 180° fluoresce more strongly than at the ordinary 
temperature ; i.e. that there is a motion in them which produces light) must now be 
recognised as undoubtable from direct experiment and observation, but it does not follow 
from this that by motion alone can all be explained. This follows, however, from the 
fact that we cannot apprehend motion otherwise than by recognising matter in a state 
of motion. If light and electricity be understood as particular forms of motion, then we 
must inevitably recognise the existence of a peculiar luminiferous (universal) ether as a 
maVnrifil, transmitting this form of motion. And so, under the present state of know* 
ledge, it is inevitably necessary to recognise the particular categories, motion and matter, 
and as chemistry is more closely concerned with the various forms of the latter, it should, 
together with mechanics or the study of motion, lie at the basis of natural science. 

• The verb ' to react ' means to act or change chemically. 

• If* a phenomenon proceeds at visible or measurable distances (as, for instance, 
magnetic attraction or gravity), it cannot be described as chemical, since these phenomena 
only take place at distances immeasurably small and undistinguishable to the eye or the 
microscope ; that is to say, they are purely molecular. 

• For this purpose a piece of iron may be made red hot in a forge, and then placecj 
in contact with a luxrp of sulphur, when iron sulphide will be obtained as a molten 
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which the constituent substances cannot be distinguished eren by 
the highest magnifying power. Before the reaction, the iron could be 
separated from the mixture by a magnet, and the sulphur by dissolving 
it in certain oily liquids ; 7 in general, before combination they might 
be mechanically separated from each other, but after combination both 
substances penetrate into each other, and are then neither mechanically 
separable nor individually distinguishable. As a rule, reactions of 
direct combination are accompanied by an evolution of heat, and the 
common case of combustion, evolving heat, consists in the combination 
of combustible substances with a portion (oxygen) of the atmosphere, 
the gases and vapours contained in the smoke being the products of 
combination. 

2. Reactions of decompontion are cases the reverse of those of 
combination, that is, in which one substance gives two— or, in general, a 
given number of substances a greater number. Thus, by heating wood 
(and also coal and many animal or vegetable substances) without access 
to air, a combustible gas, a watery liquid, tar, 'and carbon are obtained. 
It is in this way that tar, illuminating gas, and charcoal are prepared 
on a large scale. 8 All limestones, for example, flagstones, chalk, or 
marble, are decomposed by heating to redness into lime and a peculiar 
gas called carbonic anhydride. A similar decomposition, taking place, 
however, at a much lower temperature, proceeds with the green copper 
carbonate which is contained in natural malachite. This example will 
be studied more in detail presently. Whilst heat is evolved in the 
ordinary reactions of combination, it is, on the contrary, absorbed in 
the reactions of decomposition. 

3. The third class of chemical reactions— where the number of 
re-acting substances is equal to the number of substances formed — may 

Or else iron filings are mixed with powdered sulphur in the proportion of 5 parts of iron 

to 8 part* of sulphur, and the mixture placed in a gloss tube, which is then heated in one 

plaee. Combination does not commence without the aid of external heat, but when once 

Started In any portion of the mixture it extends throughout the entire mass, because 

the portion first heated evolves sufficient heat in forming iron sulphide to raise the 

*Jsoeot parts of the mixture to the temperature required for starting the reaction. The 

temperature thus produced is so high as to soften tho glass tube 

jlj.lmr is slightly soluble in many thin oils; it is very soluble in carbon bisulphide 

lome other liquids, Iron is insoluble in carbon bisulphide, and the sulphur thero- 

I be dissolved away from the Iron. 

Decomposition of ibis kind is termed 'dry distillation/ because, as in distillation, 

nb Sterne ie heated and vapours are glvon ofi which, on cooling, condense into 

III general, dw*mi|w«ltloo ( In absorbing heat, presents much in common to a 

of state— -such as, tot example, that of a liquid into a gas. DeviUe 

• oWwipoeJtlon to boiling, and oomparod partial decomposition, when a 

»*•»•• !• wot deeonpoeod in the presence of its products of decomposition 

n), to evaporation. 
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be considered as a simultaneous decomposition and combination. If, 
for instance, two compounds A and B are taken and they react on each 
other to form the substanoes and D, then supposing that A is 
decomposed into D and E, and that £ combines with B to form C, we 
have a reaction in which two substances A, or D E, and B were taken 
and two others C, or £ B, and D were produced. Such reactions 
nought to be placed under the general term of reactions of ' rearrange* 
merUy 9 and the particular case where two substances give two fresh 
ones, reactions of ' substitution.' 9 Thus, if a piece of iron be immersed 
in a solution of blue vitriol (copper sulphate), copper is formed — or, 
rather, separated out, and green vitriol (iron sulphate, which only 
differs from the blue vitriol in that the iron has replaced the copper) is 
obtained in solution. In this manner iron may be coated with copper, 
so also copper with silver ; such reactions are frequently made use of 
in practice. 

The majority of the chemical changes which occur in nature and 
are made use of technically are very complicated, as they consist of an 
association of many separate and simultaneous combinations, decom- 
positions, and replacements. It is chiefly due to this natural complexity 
of chemical phenomena that for so many centuries chemistry did not 
exist as an exact science ; that is so say, that although many chemical 
changes were known and made use of, 1 ? yet their real nature was 
unknown, nor could they be predicted or directed at wilL Another 
reason for the tardy progress of chemical knowledge is the participation 
of gaseous substances, especially air, in many reactions. The true 
comprehension of air as a ponderable substance, and of gases in general 
as peculiar elastic and dispersive states of matter, was only arrived at 
in the sixteenth and seventeenth centuries, and it was only after this 
that the transformations of substanoes could form a science. Up to 
that time, without understanding the invisible and yet ponderable 
gaseous and vaporous states of substances, it was impossible to obtain 
any fundamental chemical evidence, because gases escaped from notioe 

• A reaction of rearrangement may in certain cases take place with one substance 
only ; that is to say. a substance may by itself change into a new isomeric form Thus, 
for example, if hard yellow sulphur be heated to a temperature of 250° and then poured 
into cold water it gives, on cooling, a soft, brown variety. Ordinary phosphorus, which 
it transparent, poisonous, end phosphorescent in the dark (in the air), gives, after being 
heated at 270° (in an atmosphere incapable of supporting combustion, such as' steam), as 
opaque, red, and non-poisonous isomerio variety, which is not phosphorescent. Cases of 
i s omeri s m point out the possibility of an internal rearrangement in a substance, and are 
the result of an alteration in the grouping of the same elements, just as a oertain number 
of balls may be gro u ped in figures and forms of different shapes. 

i* Thus the ancients knew how to convert the juioo of grapes co n ta inin g the sa cc h a rin e 
principle (glucose) into wine or vinegar, how to extract metals from the ores which are 
found in the earth's crust, and how to prepare glass from earthy substances. 
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between the reacting and resultant substances. It is easy from the 
impression conveyed to us by the phenomena we observe to form the 
opinion that matter is created and destroyed : a whole mass of trees 
burn, and there only remains a little charcoal and ash, whilst from one 
small seed there grows little by little a majestic tree. In one case 
matter seems to be destroyed, and in the other to be created. This 
conclusion is arrived at because the formation or consumption of gases, 
being under the circumstances invisible to the eye, is not observed 
When wood burns it undergoes a chemical change into gaseous 
products, which escape as smoke, A very simple experiment will 
prove this. By collecting the smoke it may be observed that it 
contains gases which differ entirely from air, being incapable of 
supporting combustion or respiration. These gases may be weighed, 
and it will then be seen that their weight exceeds that of the wood 
taken. This increase in weight arises from the fact, that, in burning, 
the component parts of the wood combine with a portion of the air ; in 
like manner iron increases in weight by rusting. In burning gunpowder 
its substance is not destroyed, but only converted into gases and 
smoke. So also in the growth of a tree ; the seed does not increase in 
mass of itself and from itself, but grows because it absorbs gases from 
the atmosphere and sucks water and substances dissolved therein from 
the earth through its roots. The sap and solid substances which give 
plants their form are produced from these absorbed gases and liquids 
by complicated chemical processes. The gases and liquids are converted 
into solid substances by the plants themselves. Plants not only do 
not increase in sire, but die, in a gas which does not contain the 
constituents of air. When moist substances dry they decrease in weight ; 
when water evaporates we know that it does not disappear, but will 
return from the atmosphere as rain, dew, and snow. When water is 
absorbed by the earth, it does not disappear there for ever, but 
accumulates somewhere underground, from whence it afterwards flows 
forth as a spring. Thus matter does not disappear and is not created, 
but only undergoes various physical and chemical transformations — 
that is to say, changes its locality and form. Matter remains on the 
earth in the same quantity as before ; in a word it is, so far as we are 
concerned, everlasting. fy was difficult to submit this simple and 
primary truth of chemistry to investigation, but when once made clear 
it rapidly spread, and now seems as natural and simple as many truths 
which have been acknowledged for ages. Mariotte and other savants 
of the seventeenth century already suspected the existence of the law 
of the indestructibility of matter, but they made no efforts to express 
it or to apply it to the requirements of science. The experiments by 
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womoM of which this Umple law was armed at were made during the 
latter half of the last century by the founder of modern chemistry,. 
Lavoisier, the Preach Academician and tax farmer. The numerous 
experiments of this savant were conducted with the aid of the balance, 
which is the only means of directly and accurately determining the 
quantity of matter. 

Lavoisier found, by weighing all the substances, and even the 
apparatus, used in every experiment, and then weighing the substances 
obtained after the chemical change, that the sum of the weights of the 
substances formed was always equal to the sum of the weights of the 
substances taken ; or, in other words : Matter m rot orbatbd ahd 
doss hot disappear, or that, matter ie everlasting. • This expression 
naturally includes a hypothesis, but our only aim in using it is to 
concisely express the following lengthy period — That in all experiments, 
and in all the investigated phenomena of nature, it has never been 
observed that the weight of the substances formed was less or greater 
(as far as accuracy of weighing permits u ) than the weight of the sub- 
stances originally taken, and as weight is proportional to mass ,,Nl or 
quantity of matter, it follows that no one has ever succeeded in observ- 
ing a disappearance of matter or its appearance in fresh quantities. 
The law of the indestructibility of matter endows all chemical investi- 
gations with exactitude, as, on its basis, an equation may be formed for 
every chemical reaction. If in any reaction the weights of the sub- 
stances taken be designated by the letters A, B, 0, 4a, and the 
weights of the substances formed by the letters M, N, O, Ac, then 

A + B + C + es M + N + + 

Therefore, should the weight of one of the re-acting or resultant sub- 
stances be unknown, it may be determined by solving the equation. 

11 The experiment* conducted by 8taas (described in detail in Chap. XXIV. on 
83rer) form tome of the accurate researches, proving that the weight of matter is net 
altered in chemical reactions, beoanse he accurately weighed (introducing all the neces- 
sary corrections) the reacting and resultant substances. Landolt (1896) carried on 
various reactions in inverted and sealed glass U-tubes, and on weighing the tubes before 
re a cti o n (when the reacting solutions were separated in each of the branches of the 
tubes), and after (when the solutions had been well mixed together by shaking), found 
that either the weight remained perfectly constant or that the variation waa so small 
(for instance, 0*2 milligram in a total weight of about a million milligrams) as to be 
ascribed to the inevitable errors of weighing. 

11 *•• The idea of the mass of matter was first shaped into an exact form by Galileo 
(died 1642), and more especially by Newton (born 1648, died 1797), in the glorious epoch 
H the development of the principles of inductive reasoning enunciated by Bacon and 
Descartes m their philosophical treatises. Shortly after the death of Newton, Lavoisier, 
whose fame in natural philosophy should rank with that of Galileo and Newton, waa born 
on August 20, 1743. The death of Lavoisier occurred during the Reign of Terror of the 

*2 
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The chemist, in applying the law oC the indestructibility of matter, 
and in making use of the chemical balance, most never lose sight of 
any one of the re-acting or resultant substances. Should such an over- 
sight be made, it will at once be remarked that the sum of the weights 
of the substances taken is unequal to the sum of the weights of the 
substances formed. All the p r og r e s s made by chemistry during the 
end of the last, and in the present, century is entirely and immovably 
founded on the law of the indestructibility of matter. It is absolutely 
necessary in beginning the study of chemistry to become familiar with 
the simple truth which is expressed by this law, and for this purpose 
several examples elucidating its application will now be cited. 

1. It is well known that iron rusts in damp air, 1 * and that when 
heated to redness in air it becomes coated with scoria (oxide), having, 
like rust, the appearance of an earthy substance resembling some of the 
iron ores from which metallic iron is extracted. If the iron is weighed 
before and after the formation of the scoria or rust, it will be found 
that the metal has increased in weight during the operation, Ia It 
can easily be proved that this increase in weight is accomplished at 
the expense of the atmosphere, and mainly, as Lavoisier proved, at the 
expense of that portion which is called oxygen. In fact, in a vacuum, 
or in gases which do not contain oxygen, for instance, in hydrogen or 
nitrogen, the iron neither rusts nor becomes coated with scoria. Had 
the iron not been weighed, the participation of the oxygen of the atmo- 
sphere in its transformation into an earthy substance might have easily 
passed unnoticed, as was formerly the case, when phenomena like the 
above were, for this, reason,, misunderstood. It is evident from the 

French Revolution, when he, together with twenty-six other chief farmers of the revenue, 
wee guillotined on May 8. 1794, at Paris; bat his works and ideas hare made him 
Immortal. 

19 By covering iron with an enamel, or Tarnish, or with onrustable metals (such as 
alekel), or a coating of paraffin, or other similar substances, it is protected from the air 
•ad moisture, and so kept from rusting 

*• Such an experiment may easily be made by taking the finest (unrusted) iron filings 
(ordinary filings must be first washed in ether, dried, and passed through a very fine 
•tore) The filings thus obtained are capable of burning directly in air (by oxidising or 
forming' rust), especially when they hang (are attracted) on a magnet A compact piece 
Of iron does not burn in sir, but spongy iron glows and smoulders like tinder. In making 
the experiment, a horse-shoe magnet is fixed, with the poles downwards, on one arm of a 
rather sensitive balance, and the iron filings are applied to the magnet (on a sheet of 
paper) so as to form a beard about the poles. The balance pan should be exactly under 
the filings on the magnet, in order that any which might fall from it should not alter the 
weight. The filings, having been weighed, are set light to by applying the flame of a 
candle ; they easily take fire, and go on burning by themselves, forming rust. When the 
sonbastion is ended, it will be dear that the iron has increased in weight; from H parts 
ky weight of iron filings taken, there are obtained, by complete combustion, 7t parte by 
I of rust 



Digitized by 



Google 



1NTE0DUCT10K 9 

law of the indestructibility of matter that as the iron increases in 
weight in its conversion into rust, the latter must be a more complex 
substance than the iron itself, and its formation is due to a reaction of 
combination. We might form an entirely wrong opinion about it, and 
might, for instance, consider rust to be a simpler substance than iron, 
and explain the formation of rust as the removal of something from 
the iron. Such, indeed, was the general opinion prior to Lavoisier, 
when it was held that iron contained a certain unknown substance 
called • phlogiston,' and that rust was iron deprived of this supposed 
substance 

2. Copper carbonate (in the form of a powder, or as the well-known 
green mineral called ' malachite/ which is used for making ornaments, 
or as an ore for the extraction of copper) changes into a black sub- 
stance called 'copper oxide' when heated to redness. 14 This black 
substance is also obtained by heating copper to redness in air — that is, 
it is the scoria or oxidation product of copper. The weight of the 
black oxide of copper left is lees than that of the copper carbonate 
originally taken, and therefore we consider the reaction which occurred 
to have been one of decomposition, and that by it something was sepa- 
rated from the green copper carbonate, and, in fact, by closing the orifice 
of the vessel in which the copper carbonate is heated with a well- 
fitting cork, through which a gas delivery tube 16 passes whose end is 
immersed under water, it will be observed that on heating, a gas is 
formed which bubbles through the water. This gas can be easily 
collected, as will presently be described, and it will be found to essen- 

M For the purpose of experiment, it is most convenient to take copper carbonate, 
which may be prepared by the experimenter himself, by adding a solution of sodium car. 
bonate to a solution of copper sulphate. The precipitate (deposit) so formed is collected 
on a filter, washed, and dried. The decomposition of copper carbonate into copper oxide 
is effected by so moderate a beat that it may be performed in a glass vessel heated by a 
lamp. For this purpose a thin glass tube, closed at one end, and called a ' test tube,' 
may be employed, or else a vessel called a 'retort.' The experiment is carried on, as 
described in example three on p-11, by collecting the carbonic anhydride over water, 
as will be afterwards explained. 

16 Gas delivery tubes are usually made of glass tubing of various diameters and thick- 
nesses. If of small diameter and thickness, a glass tube is easily bent by heating in a gas 
jet or the flame of a spirit lamp, and it may also be easily divided at a given point by making 
a deep scratch with a file and then breaking the tube at this point with a sharp jerk. 
These properties, together with their impermeability, transparency, hardness, and regu- 
larity of bore, render glass tubes most useful in experiments with gases. Naturally they 
might be replaced by straws, india-rubber, metallic, or other tubes, but these are mora 
difficult to fix on to a vessel, and are not entirely impervious to gases. A glass gat 
delivery tube may be hermetically fixed into a vessel by fitting it into a perforated cork, 
which should be soft and free from flaws, and fixing the cork into the orifice of the' 
vessel To protect the cork from the action of gases it is sometimes previously soaked 
in paraffin, or it may be replaced by an india-rubber cork. 



Digitized by 



Google 



10 



PRINCIPLES OF CHEMISTRY 



tially differ from air in many respects ; for instance, a burning taper 
is extinguished in it as if it had been plunged into water. If weighing 
had not proved to us that some substance had been separated, the 
formation of the gas might easily have escaped our notice, for it is 




Pio. 1.— Apparatus for the deoompotttion of red meroury ozUe. 

colourless and transparent like air, and is therefore evolved without 
any striking feature. The carbonic anhydride evolved may be weighed, 19 
and it will be seen that the sum of the weights of the black copper 
oxide and carbonic anhydride is equal to the weight of the copper 
carbonate 17 originally taken, and thus by carefully following out the 

16 Oases, like all other substances, may be weighod, but, owing to their extreme light- 
'ness and the difficulty of dealing with them injarge masses, they can only be weighed 

by very sensitive balances ; that is, in such as, with a considerable load, indicate a very 
■mall difference in weight— for example, a centigram or a milligram with a load of 1,000 
grams. In order to weigh a gas, a glass globe furnished with a tight-fitting stop-cock is 
first of all exhausted of air by an air-pump (a Sprengel pump is the best). The stop- 
cock is then closed, and the exhausted globe weighed. If the gas to be weighed is then 
let into the .globe, its weight can be determined from the increase in the weight of the 
globe. It is necessary, however, that the' temperature and pressure of the air about the 
balance should remain constant for both weighings, as the weight of the globe in air will 
(according to the laws of hydrostatics) vary with its density The volume- of the air dis- 
placed, and its weight, must therefore be determined by observing the temperature, 
density, and moisture of the atmosphere during the time of experiment This will 
be partly explained later, but may be studied more in detail by physics. Owing to the 
complexity of all these operations, the mass of a gas is usually determined from its 
volume and density, or from the weight of a known volume. 

17 The copper carbonate should be dried before weighing, as otherwise— besides 
copper oxide and carbonic anhydride — water will be obtained in the decomposition. 
Water forms a part of the composition of malachite, and has therefore to be taken into 
consideration. The water produced in the decomposition may be all collected by absorb- 
ing it in sulphuric acid or calcium chloride, as will be described further on. In order to 
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various stages of all chemical reactions we arrive at a confirmation of 
the law of the indestructibility of matter. 

3. Red mercury oxide (which is formed as mercury rust by heating 
mercury in air) is decomposed like copper carbonate (only by heating 
more slowly and at a somewhat higher temperature), with the formation 
of the peculiar gas, oxygen. For this purpose the mercury oxide is 
placed in a glass tube or retort, 18 to which a gas delivery tube is 
attached by means of a cork. This tube is bent downwards, as shown 
m the drawing (Fig. 1). The open end of the gas delivery tube is im- 
mersed in a vessel filled with water, called a pneumatic trough. ld When 

dry a nit it mutt be heated at about 100° until its weight remains constant, or be placed 
under an air pump over sulphuric add, as will also be presently described. As water is 
met with almost everywhere, and as it is absorbed by many substances, the possibility 
of its presence should never be lost sight of. 

w As the decomposition of red oxide of mercury requires so high a temperature, near 
redness, as to soften ordinary glass, it$s necessary for thia experiment to take a retort 
(or test tube) made of hard glass, which is able to stand high temperatures without 
softening. For the same reason, the lamp used must give a strong heat and a lasge 
flame, capable of embracing the whole bottom of the retort, which should be as small as 
possible for the convenience of the experiment. 

» The pneumatic trough may naturally be made of any material (china, earthenware, 
or metal, &c), but usually a glass one, as shown in the drawing, is used, as it allows the 
progress of the experiment to be better observed. For this reason, as well as the ease 
with which they are kept clean, and from the fact also that glass is not aoted on by many 




fjo. 1— Apparatus for distilling under a diminished pressure liquids whioh decomposs st their 
boiling points under the ordinary p re ss ur e. The apparatus In which the liquid is dletflkd is cob* 
nested with a large globe from whioh she sir to pumped out ; she liqukl is hesUd, swl the reoMtes 



substances whioh effect other materials (for instance, metals), glass vessels of all kinds— 
such as retorts, test tubes, cylinders, beakers, flasks, globes, Ac— are preferred to any 
other for chemical experiments. Glass vessels may be heated without any danger if the 
following precautions be observed : 1st, they should be made of thin glass, as otherwise 
they are liable to crack from the bad heat-conducting power of glass ; 2nd, they should be 
surrounded by a liquid or with sand (Fig. 9), or sand bath as it is called; ox else should 
stand in a current of hot gases without touching the fuel from which they proceed, or in 
the fame of a smokeless lamp. A common <rsndle or Ump forms a deposit of soot on e> 



Digitized by 



Google 



12 PRINCIPLES OP CHEMISTRY 

the gas begins to be evolved in the retort it is obliged, having no other 
outlet, to escape through the gas delivery tube into the water in the 
pneumatic trough, and therefore its evolution will be rendered visible 
by the bubbles coming from this tube. In heating the retort containing 
the mercury oxide, the air contained in the apparatus is first partly 
expelled, owing to its expansion by heat, and then the peculiar gas 
called c oxygen ' is evolved, and may be easily collected as it comes off. 
For this purpose a vessel (an ordinary cylinder, as in the drawing) is 
filled quite full with water and its mouth closed ; it is then inverted 
and placed in this position under the water in the trough ; the mouth 
is then opened. The cylinder will remain full of water — that is, the 
water will remain at a higher level in it than in the surrounding vessel, 
owing to the atmospheric pressure. The atmosphere presses on the 
surface of the water in the trough, and prevents the water from flow- 
ing out of the cylinder. The mouth of the cylinder is placed over the 
end of the gas delivery tube, 20 and the bubbles issuing from it will rise 
into the cylinder and displace the water contained in it. Gases are 
generally collected in this manner When a sufficient quantity of gas 
has accumulated in the cylinder it can be clearly shown that it is not 
air, but another gas which is distinguished by its capacity for vigorously 
supporting combustion In order to show this, the cylinder is closed, 
under water, and removed from the bath , its mouth is then turned up- 
wards, and a smouldering taper plunged into it. As is well known, a 
smouldering taper will be extinguished in air, but in the gas which 
is given off from red mercury oxide it burns clearly and vigorously, 
showing the property possessed by this gas for supporting combustion 
more energetically than air, and thus enabling it to be distinguished 
from the latter. It may be observed in this- experiment that, besides 
the formation of oxygen, metallic mercury is formed, which, volatilising 
at the high temperature required for the reaction, condenses on the 
cooler parts of the retort as a mirror or in globules. Thus two sub- 

oold object plaoed in their flames. The toot interfere* with the transmission of heat, and 
to a glass vessel when covered with soot often cracks. And for this reason spirit lamps, 
which born with a smokeless flame, or gas burners of a peculiar construction, are used. 
In the Bunsen burner the gas is mixed with air, and burns with a non-luminous and 
smokeless flame. On the other hand, if an ordinary lamp (petroleum or benzine) does 
not smoke it may be used for heating a glass vessel without danger, provided the glass is 
placed well above the flame in the current of hot gases. In all cases, the heating should 
be begun very carefully by raising the temperature by degrees. 

M In order to avoid the necessity of holding the cylinder, its open end is widened (and 
also ground so that it may be closely covered with a ground-glass plate when necessary}, 
and placed on a stand below the level of the water in the bath. This stand is called ' the 
bridge.' It has several circular openings cut through it, and the gas delivery tube it 
fUoed under one of these, and the cylinder for c ol lec t i ng the gas over it. 
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stances, mercury and oxygen, are obtained by heating red mercury 
oxide. In this reaction, from one substance, two new substances are 
produced — that is, a decomposition has taken place. The means of 
collecting and investigating gases were known before Lavoisier's time, 
but he first showed the real part they played in the processes of many 
chemical changes which before his era were either wrongly understood 
(as will be afterwards explained) or were not explained at all, but only 
observed in their superficial aspects. This experiment on red mercury 
oxide has a special significance in the history of chemistry contempo- 
rary with .Lavoisier, because the oxygen gas which is here evolved is 
contained in the atmosphere, and plays a most important part in 
nature, especially in the respiration of animals, in combustion in air, 
and in the formation of rusts or scoriae (earths, as they were then 
called) from metals — that is, of earthy substances, like the ores from 
which metals are extracted. 

4. In order to illustrate by experiment one more example of 
chemical change and the application of the law of the indestructibility 
of matter, we will consider the reaction between common table salt 
and lunar caustic, which is well known from its use in cauterising 
wounds By taking a clear solution of each and mixing them together, 
It will at once be observed that a solid white substance is formed, 
which settles to the bottom of the vessel, and is insoluble in water. 
This substance may be separated from the solution by filtering , it is 
then found to be an entirely different substance from either of those 
taken originally in the solutions. This as at once evident from the 
fact that it does not dissolve in water On evaporating the liquid 
which passed through the filter, it will be found to contain a new sub- 
stance unlike either table salt or lunar caustic, but, like them, soluble 
in water Thus table salt and lunar caustic, two substances soluble in 
water, produced, by their mutual chemical action, two new substances, 
one insoluble in water, and the other remaining in solution. Here, 
from two substances, two others are obtained, consequently there 
occurred a reaction of substitution. The water served only to convert 
the reacting substances into a liquid and mobile state. If the lunar 
caustic and salt be dried* 1 and weighed,' and if about 58} grams* of 

n Drying it necessary in ardor to remove any water which may be held in the salts 
(Me Note 17, and Chapter L, Notee IS and 14). 

The exact weights of the re-aoting and resulting robetaneeeare determined with the 
greatest difficulty, not only from the possible inexactitude of the balanoe (every w e ighing 
Is only correct within the limit* of the sensitiveness of the balanoe) and weights need 
in* weighing, not only from the difficulty in making corrections for the weight of air die* 
plaoed by the vessels holding the substances weighed and by the weights themselves, 
but also from the hygroeoopio nature of many substsncM (aid vessels) causing absorptioa 
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malt and 170 grams of lunar caustic be taken, then 148} grams of in- 
soluble silver chloride and 85 grams of sodium nitrate will be obtained. 
The sum of the weights of the re-acting and resultant substances are 
seen to be similar and equal to 228J grams, which necessarily foHows 
from the law of the indestructibility of matter 

Accepting the truth of the above law, the question naturally arises 
as to whether there is any limit to the various chemical transforma 
tions, or are they unrestricted in number— that is to say, is it possible 
from a given substance to obtain an equivalent quantity of any other 
substance t In other words, does there exist a perpetual and infinite 
change of one kind of material into every other kind, or is the cycle 
of these transformations limited f This is the second essential problem 
of Chemistry, a question of quality of matter, and one, it is evident, 
which is more complicated than the question of quantity It cannot 
be solved by a mere superficial glance at the subject Indeed, on 
seeing how all the varied forms and colours of plants are buijt up from 
air and the elements of the soil, and how metallic iron can be trans- 
formed into colours such as inks and Prussian blue, we might be led 
to think that there is no end to the qualitative changes to which 
matter is susceptible But, on the other hand, the experiences of 
everyday life compel us to acknowledge that food cannot be made out 
of a stone, or gold out of copper Thus a definite answer can only be 
looked for in a close and diligent study of the subject, and the problem 
has Jbeen resolved in different way at different times In ancient times 
the opinion most generally held was that everything visible was com- 
posed of four elements— Air, Water, Earth, and Fire The origin of 
this doctrine can be traced far back into the confines of Asia, whence 
it was handed down to the Greeks, and most fully expounded by 
Empedocles, who lived before 460 b.c This doctrine was not the 
result of exact research, but apparently owes its origin to the clear 
division of bodies into gases (like air), liquids (like water), and solids 
(like the earth). The Arabs appear to have been the first who 
attempted to solve the question by experimental methods, and they 
introduced, through Spain, the taste for the study of similar problems 
into Europe, where from that time there appear many adepts in 
chemistry, which was considered as an unholy art, and called 'al 
enemy.' As the alchemists wore ignorant of any exact law which 

of moisture from the Atmosphere, end from the difficulty in not being any of the substance 
to be weighed in the several operations (filtering, evaporating, and drying, &c.) which 
have to be performed before arriving at a final result All these circumstances have to 
be taken into consideration in exact res e arches, and their elimination requires very many 
special precautions which are impracticable in preliminary experiments 
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could guide them in their researches, they obtained most anomalous 
results. Their chief service to chemistry was that they made a 
number of experiments, and discovered many new chemical trans- 
formations , but it is well known how they solved the fundamental 
problem of chemistry. Their view may be taken as a positive acknow- 
ledgment of the infinite transmutability of matter, for they aimed at 
discovering the Philosopher's Stone, capable of converting everything 
into gold and diamonds, and of making the old young again. This 
solution of the question was afterwards completely overthrown, but it 
must not, for this reason, be thought that the hopes held by the 
alchemists were only the fruit of their imaginations. The first 
chemical experiments might well lead them to their conclusions. They 
took, for instance, the bright metallic mineral galena, and extracted 
metallic lead from it. Thus they saw that from a metallic substance 
which is unfitted for use they could obtain another metallic substance 
which is ductile and valuable for many technical purposes. Further- 
more, they took this lead and obtained silver, a still more valuable 
metal, from it. Thus they might easily conclude that it was possible 
to ennoble metals by means of a whole series of transmutations — that 
is to say, to obtain from them those which are more and more precious. 
Having got silver from lead, they assumed that it would be possible to 
obtain gold from silver The mistake they made was that they never 
weighed or measured the substances used or produced in their experi- 
ments. Had they done so, they would have learnt that the weight of 
the lead was much less than that- of the galena from which it was 
obtained, and the weight of the silver infinitesimal compared with that 
of the lead. Had they looked more closely into the process of the ex- 
traction of the silver from lead (and silver at the present time is chiefly 
obtained from the lead ores) they would have seen that the lead does 
not change into silver, but that it only contains a certain small quan- 
tity of it, and this amount having once been separated from the lead 
it cannot by any further operation give more. The silver which the 
alchemists extracted from the lead was in the lead, and was not ob- 
tained by a chemical change of the lead itself. This is now well known 
from experiment, but the first view of the nature of the process was 
very likely to be an erroneous one. 23 The methods of research adopted 

83 Besides which, in the majority of esses, the first explanation of most subjects which. 
3o not repeat themselves in everyday experience under various aspects, but always in one 
form, or only at intervals and infrequently, is usually wrong. Thus the daily evidence 
of the rising of the sun and stars evokes the erroneous idea that the heavens move and 
the earth stands still. This apparent truth is far from being the real truth, and, as a 
matter of fact, is contradictory to it. Similarly, an ordinary mind and everyday experi- 
ence concludes that iron is incombustible, whereas it burns not only as filings, but even 
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by the alohemiftt oould give but little suooosa, for they did not set them- 
selves clear and simple questions whose answers would aid them to mate 
further progress. Thus though they did not arrive at any exact law, 
they left nevertheless numerous and useful experimental. data as an 
inheritance to chemistry ; they investigated, in particular, the trans* 
formations proper to metals, and for this reason chemistry was for 
long afterwards entirely confined to the study of metallic substances. 

In their researches, the alchemists frequently made use of two 
chemical processes which are now termed ' reduction ' and ( oxidation.' 
The rusting of metals, and in general their conversion from a metallic 
into an earthy form, is called ' oxidation, * whilst the extraction of a 
metal from an earthy substance is called ' reduction.' Many metals — 
for instance, iron, lead, and tin — are oxidised by heating in air alone, 
and may be again reduced by heating with carbon. 'Such oxidised 
metals are found in the earth, and form the majority of metallic ores. 
The metals, such as tin, iron, and copper, may be extracted from these 
ores by heating them together with carbon. All these processes were 
well studied by the alchemists. It was afterwards shown that all 
earths and minerals are formed of similar metallic rusts or oxides, or 
of their combinations. Thus the alchemists knew of two forms of 
chemical changes : the oxidation of metals and the reduction of the 
oxides so formed into metals. The explanation of the nature of these 
two classes of chemical phenomena was the means for the discovery 
of the most important chemical laws. The first hypothesis on their 
nature is due to Becker, and more particularly to Stahl, a surgeon 
to the King of Prussia. Stahl writes in his * Fundamenta Chymifla/ 
1723, that all substances consist of an imponderable fiery substance 
called * phlogiston ' (materia aut principium ignis non ipse ignis), and of 
another element having particular properties for each substance. The 
greater the capacity of a body for oxidation, or the more combustible 
it is, the richer it is in phlogiston. Carbon contains it in great 
In oxidation or combustion phlogiston is emitted, and in 
faction it is consumed or enters into combination. Carbon reduces 
by substances because it is rich in phlogiston, and gives up a 

re, m we shall afterwards see. With the progress of knowledge very many primitiva 

- 1 hare been obliged to give way to truo ideas which have been verified by 

k*. In ordinary life we often reason at first eight with perfect truth, only 

, we are taught a right judgment by our daUy experience. It is a neeessarj 

» of the nature of our minds to reach the attainment of truth through el* 

\m erroneous reasoning and through experiment, and it would be very 

t a knowledge of truth from a simple mental effort. Naturally, experiment 

b give truth, but it gives the means of destroying erroneous representations 

' ; those which are true in all their consequences. 
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portion of its phlogiston to the substance reduced. Thus Stahl supposed 
metals to be compound substances consisting of phlogiston and an 
earthy substance or oxide. This hypothesis is distinguished for its 
very great simplicity, and for this and other reasons it acquired many 
supportere.* 4 

Lavoisier proved by means of the balance that every case of rusting 
of metals or oxidation, or of combustion, is accompanied by an increase 
in weight at the expense of the atmosphere. He formed, therefore, 
the natural opinion that the heavier substance is more complex than 
the lighter one. ,ft Lavoisier's celebrated experiment, made in 1774, 

u It is true that Stahl was acquainted. with a fact which directly disproved his 
hypothesis. It was already known (from the experiments of Oeber, and more especially 
of Ray, in 1680) that metals increase in weight by oxidation, whilst, according to Stahl's 
hypothesis, they should decrease in weight, because phlogiston is separated by oxidation 
Stahl speaks on this point as follows :— • I am well aware that metals, in their transforma- 
tion into earths, increase in weight. But not only does this fact not disprove my theory, 
but, on the contrary, confirms it, for phlogiston is lighter than air, and, in combining 
with substances, strives to lift them, and so decreases their weight ; consequently, a 
substance which has lost phlogiston must be heavier.' This argument, it will be seen, is 
founded on a misconception of tho properties of gases, regarding them as having no weight, 
sad as not being attracted by the earth, or else on a confused idea of phlogiston itself, 
since it was firs*, denned as imponderable* The conception of imponderable phlogiston 
•allies well with the habit and methods of the last century, when recourse was often had 
to imponderable fluids for explaining a large number of phenomena. Heat, light, mag* 
oetism, and electricity were explained as being peculiar imponderable fluids. In this 
tense the doctrine of 8tahl corresponds entirely with the spirit of his age. If heat be 
now regarded as motion or energy, then phlogiston also should be considered in this 
light In fact, in combustion, of coals for instance, heat and energy are evolved, and 
not combined in the coal, although the oxygen and coal do combine. Consequently, the 
doctrine of 8tahl contains the essence of a true representation of the evolution of energy, 
but naturally this evolution is only a consequence of the combination occurring between 
the coal and oxygen. As regards the history of chemistry prior to Lavoisier, besides 
8tahl's work (to which reference has been made above), Priestley's Experiment* and 
Obtervations on Different Kinds of Air, London, 1790, and also Scheele's Oputcula 
Chimica et Phyrica, Lips., 1788-89, 9 vols., must be recommended as the two leading 
works of the English and Scandinavian chemists showing the condition of chemical 
Isnming before the propagation of Lavoisier's views, and containing also many important 
observations which lie at the basis of the chemistry of our times. A most interesting 
memoir on the history of phlogiston is that of Rodwsll, in the Philosophical Magarine t 
1868, in which it is shown that the idea of phlogiston dates very far back, that Basil 
Valentine (1894-1415), in the Curtue Triumphal** Antimonii, Paracelsus (1498-1541), 
in his work, De Rerum Natura, Glauber (1604-1668), and especially John Joachim Becher 
0625-1689), in his Phyrica Subterranean all referred to phlogiston, but under different 



** An Englishman, named Mayow, who lived a whole century before Lavoisier (in 
1666), understood certain phenomena of oxidation in their true aspect, but was not able 
to develop his views with olearness, or support them by conclusive experiments ; he 
cannot therefore be considered, like Lavoisier, as the founder of contemporary chemical 
learning. 8cienco is a universal heritage, and therefore it is only just to give the highest 
honour in science, not to those who first enunciate a certain truth, but to those who are 
first able to convince others of its authenticity and establish it for the general welfare. 
But scientific discoveries are rarely made all at once; at a rule, the first teachers do not 
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five indubitable support to bis opinion, which in many respects u«» 
contradictory to StahTs doctrine. Lavoisier poured f oqr ounces of pure 
meroury into a glass retort (fig. 3), whose neck was bent as shown in 
the drawing and dipped into the vessel R 8, also full of mercury. The 
projecting end of the neck was covered with a glass bell-jar p. The 
weight of all the mercury taken, and the volume of air remaining in 
the apparatus, namely, that in the upper portion of the retort, and 
under the belljar, were determined before beginning the experiment 
It was most important in this experiment to know the volume of sir 
in order to learn what part it played in the oxidation of the mercury, 
'because, according to Stahl, phlogiston is emitted into the air, whilst* 
according to I*voisier, the mercury in oxidising absorbs a portion of 
the air ; and consequently it was absolutely necessary to determine 
whether the amount of air increased.or decreased in the oxidation of 
the metal. It was, therefore, most important to measure the volume 




Fl0, * L *lMS2.*P P * rmt, l* fo . r **"»»**«»« «» composition of air end the mm 
of metal* Increasing in weight when they arVoalelned to air. ^^ 

Of the air in the apparatus both before and after the experiment For 
this purpose it was necessary to know the total capacity of the retort* 
the volume of the mercury poured into it, the volume of the bell-jar 
above the level of the mercury, and also the temperature and pressure 
of the air at the time of its measurement. The volume of air con- 
tained in the apparatus and isolated from the surrounding atmosphere 
could be determined from these data. Having arranged his apparatus 
in this manner, Lavoisier heated the retort holding the mercury for a 
period of twelve days at a temperature near the boiling point of 
mercury. The mercury became covered with a quantity of small red 

sno^inoonyincing other, of the truth they haye dieoovered; with time, however, a 
true herald oome. forward, poaeeeaing e*ery mean, tor maWng the truth appe^to^ 
but ,t mu* not be forgotten that auch are entirely i^*£Zg^1£ 
oldaU accumulate by nianyotW Such wae Lavotter, and eueh are all the erea! 
toontoofaoenoe. They are the.enunoiato» of all peat and paceni le*«WandU*4T 
names will always be revered by posterity. *«•■«»• fcnmwew 
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scales , that is, it was oxidised or converted into an earth. Thit 
substance is the same mercury oxide which has already been mentioned 
(example 3). After the lapse of twelve days the apparatus was cooled, 
and it was then seen that the volume of the air in the apparatus had 
diminished during the time of the experiment This result was in 
exact contradiction to Stahl's hypothesis. Out of 50 cubic inches of 
air originally taken, there only remained 42. Lavoisier's experiment led 
to other equally important results. The weight of the air taken decreased 
by as much as the weight of the mercury increased in oxidising ; that is, 
the portion of the air was not destroyed, but only combined with mercury. 
This portion of the air may be again separated from the mercury oxide 
and has, as we saw (example 3), properties different from those of air. 
It is called ' oxygen.' That portion of the air which remained in the 
apparatus and did not combine with the mercury does not oxidise 
metals, and cannot support either combustion or respiration, so that 
a lighted taper is immediately extinguished if it be dipped into the 
gas which remains in the bell-jar. ' It is extinguished in the residual 
gas as if it had been plunged into water,' writes Lavoisier in hie 
memoirs. This gas is called 'nitrogen.' Thus air is not a simple 
substance, but consists of two gases, oxygen and nitrogen, and therefore 
the opinion that air is an elementary substance is erroneous. The 
oxygen of the air is absorbed in combustion and the oxidation of 
metals, and the earths produced by the oxidation of metals are 
substances composed of oxygen and a metal. By mixing the oxygen 
with the nitrogen the same air as was originally taken is re-formed. 
It has also been shown by direct experiment that on reducing an 
oxide with carbon, the oxygen contained in the oxide k tr an sferred to 
the carbon, and gives the same gas that is obtained by the combus- 
tion of carbon in air. Therefore this gas is a compound of carbon 
and oxygen, just as the earthy oxides are composed of metals and 
oxygen. 

The many examples of the formation and decomposition of sub- 
stances which are met with convince us that the majority of substances 
with which we have to deal are compounds made up of several other 
substances. By heating chalk (or else copper carbonate, as in the 
second example) we obtain Kme and the same carbonic acid gas which 
is produced by the combustion of carbon. On bringing lime into 
contact with this gas and water, at the ordinary temperature, we again 
obtain the compound, carbonate of lime, or chalk. Therefore chalk ig 
a compound. So also are those substances from which it may be built 
Op. Carbonic anhydride is formed by the combination of carbon and 
ejrygen ; and lime is produced by the oxidation of a certain metal 
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called 'calcium.' By resolving substances in this manner into their 
component parts, we arrive at last at inch at are indivisible into two 
or more substances by any means whatever, and which cannot be formed 
from other substances. All we can do is to make such substances com- 
bine together to act on other substances. Substanoes which cannot be 
formed from or decomposed into others are termed timpU suosfcmoee 
(elements). Thus all homogeneous substances may be classified, into 
simple and compound substances. This view was introduced and 
established as a scientific fact during the lifetime of Lavoisier. The 
number of these elements is very small in comparison with the number 
of compound substances which are formed by them. At the present 
time, only seventy elements are Jcnown with certainty to exist Some 
of them are very rarely met with in nature, or are found in very small 
quantities, whilst the existence of others, is still doubtful The number 
of elements with whose compounds we commonly deal in everyday life 
is very small. Elements cannot be transmuted into one another — at 
least up to the present not a single case of such a transformation has 
been met with ; it may therefore be said that, as yet, it is impossible 
to transmute one metal into another. And as yet, notwithstanding 
the number of attempts which have been made in this direction, no 
fact has been discovered which could in any way support the idea of 
the complexity of such well-known elements ?* as oxygen, iron, sulphur, 
<fec. Therefore; from its very conception, an element is not susceptible 
•to reactions of decomposition. 97 

w Many of the Ancient philosophers assumed the existence of one elementary form of 
matter. This idee still appears in our times, in the constant efforts which are made to 
reduce the number of the elements ; to prove, tor instance, that bromine contains chlorine 
or that chlorine contains oxygen. Many methods, founded both on experiment and 
theory, have been tried to prore the compound nature of the elements. All labour in 
this direction has as yet been in Tain, and the assurance that elementary matter is not 
to homogeneous (single) as the mind would desire in its first transport of rapid generali- 
sation is strengthened from year to year. All our knowledge shows that lion and 
other elements remain, even at such a high temperature as there exitts in the sun, ae 
different substances, and are not converted into one common material. Admitting, eren 
mentally, the possibility of one elementary form of matter, a method must be imagined 
1>y which it could give rise to the various elements* as also the modu$ operandi of their 
formation from one material. If it be said that this diversitude only takes place at low 
temperatures, as is observed with isomerides, then there would be reason to expect, if not 
the transition of the various elements into one particular and more stable form, at least 
the mutual transformation of some into others. But nothing of the kind has as yet been 
observed, and the alchemist's hops to manufacture (as Berthollet puts it) elements has no 
theoretical or practical foundation. 

97 The weakest point in the idea of elements is the negative character of the determi- 
native signs given them by Lavoisier, and from that time ruling in chemistry. They do 
not decompose, they do not change into one another. But it must be remarked that 
elements form the limiting horixon of our knowledge of matter, and it is always difficult to 
determine a positive side on the borderland of wnat is known. Besides, there is no doubt 
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The quantity, therefore, of each element remains constant in all 
chemical changes : a fact which may be deduced as a consequence of 
the law of the indestructibility of matter, and of the conception of 
elements themselves. Thus the equation expressing the law of the 
indestructibility of matter acquires a new and still more important 
signification. If we know the quantities of the elements which occur 
in the re-acting substances, and if from these substances there proceed, 
by means of chemical changes, a series of new compound substances, 
then the latter will together contain the same quantity of each of 
the elements as there originally existed in the re-acting substances. 
The essence of chemical change is embraced in the study of how, 
and with what substances, each element is combined before and after 
change. 

In order to be able to express various chemical changes by equations, 
it has been agreed to represent each element by the first or some two 
letters of its (Latin) name. Thus, for example, oxygen is represented by 
the letter O ; nitrogen by N ; mercury (hydrargyrum) by Hg ; iron 
(ferrum) by Fe , and so on for all the elements, as is seen in the tables 
on page 24. A compound substance is represented by placing the 
symbols representing the elements of which it is made up side by side. 
For example, red mercury oxide is represented by HgO, which shows 
that it is composed of oxygen and mercury. Besides this, the symbol 
of every element corresponds with a certain relative quantity of it by 
weight, called its • combining ' weight, or the weight of an atom ; so that 
the chemical formula of a compound substance not only designates the 
nature of the elements of which it is composed, but also their quantita- 
tive proportion. Every chemical process may be expressed by an 
equation composed of the formulas corresponding with those substances 
which take part in it and are produced by it. The amount by weight 
of the elements in every chemical equation must be equal on both sides 
of the equation, since no element is either formed or destroyed in a 
ehemical change. 

On pages 24, 25, and 26 a list of the elements, with their symbols 
and combining or atomic weights, is given, and we shall see afterwards 
on what basis the atomic weights of elements are determined. At 
present we will only point out that a compound containing the elements 
A and B is designated by the formula An Bat, where m and n are the 
coefficients or multiples in which the combining weights of the 
elements enter into the composition of the substance. If we represent 

(from the results of spectrum analysis) that the elements are distributed ss far ss the 
most distant stew, and that they support the highest sttsmaMe tetaperatutes without 
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the combining weight of the substance A by a and that of the 
substance B by o, then the composition of the substance An Bm will 
be expressed thus : it contains na parts by weight of the substance A 
and mb parts by weight of the substance B, and consequently 100 part* 

of our compound contain — r percentage parts by weight of the 

na+mo 

tnb 100 

substance A and s of the substance B. It is evident that as 

na+mb 

a formula shows the relative amounts of all the elements contained 

in a compound, the actual weights of the elements contained in a given 

weight of a compound may be calculated from its formula. For example, 

the formula NaCl of table salt shows (as Na=23 and CI =35 6) 

that 58*5 lbs. of salt contain 23 lbs. of sodium and 35*5 ibs. of chlorine, 

and that 100 parts of it contain 39*3 per cent of sodium and 60*7 per 

cent, of chlorine. 

What has been said above clearly limits the province of chemical 
changes, because from substances of a given kind there can be obtained 
only such as contain the same elements. Even with this limitation, 
however, the number of possible combinations is infinitely great Only 
a comparatively small number of compounds have yet been described 
or subjected to research, and any one working in this direction may 
easily discover new compounds which had not before been obtained. 
It often happens, however, that such newly-discovered compounds 
were foreseen by chemistry, whose object is the apprehension of that 
uniformity which rules over the multitude of compound substances, 
and whose aim is the comprehension of those laws which govern their 
formation and properties. The conception of elements having been 
established, the next objects of chemistry were : the determination of 
the properties of compound substances on the basis of the determination 
of the quantity and kind of elements of which they are composed ; the 
investigation of the elements themselves ; the determination of what 
compound substances can be formed from each element and the 
properties which these compounds show ; and the apprehension of the 
nature of the connection between the elements in different compounds. 
An element thus serves as the starting point, and is taken as the 
primary conception on which all other substances are built up. 

When we state that a certain element enters into the composition 
of a given compound (when we say, for instance, that mercury oxide 
contains oxygen) we do not mean that it contains oxygen as a gaseous 
substance, but only desire to express those transformations which 
mercury oxide is capable of making ; that is, we wish to say that it is 
possible to obtain oxygen from mercury oxide, and that it can give 
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tip oxygen to various other substances ; in a word, we desire only to 
express those transformations of which mercury oxide is capable. Or, 
more concisely, it may be said that the composition of a compound is 
the expression of those transformations of which it is capable. It is 
useful in this sense to make a clear distinction between the conception 
of an element as a separate homogeneous substance, and as a material 
but invisible part of a compound. Mercury oxide does not contain 
two simple bodies, a gas and a metal, but two elements, mercury and 
oxygen, which, when free, are a gas and a metal. Neither mercury as 
a metal nor oxygen as a gas is contained in mercury oxide ; it only 
contains the substance of these elements, just as steam only contains 
the substance of ice, but notice itself, or as corn contains the substance 
of the seed, but not the seed itself. The existence of an element may 
be recognised without knowing it in the uncombined state, but only 
from an investigation of its combinations, and from the knowledge that 
it gives, under all possible conditions, substances which are unlike 
other known combinations of substances. Fluorine is an example of 
this kind. It was for a long time unknown in a free state, and 
nevertheless was recognised as an element because its combinations 
with other elements were known, and their difference from all other 
similar compound substances was determined. In order to grasp the 
difference between the conception of the visible form of an element as 
we know it in the free state, and of the intrinsic element (or ' radicle/ 
as Lavoisier called it) contained in the visible form, it should be 
remarked that compound substances also combine together forming yet 
more complex compounds, and that they evolve heat in the process of 
combination. The original compound may often be extracted from 
these new compounds by exactly the same methods as elements are 
extracted from their corresponding combinations. Besides, many 
elements exist under various visible forms whilst the intrinsic element 
contained in these various forms is something which is not subject to 
change. Thus carbon appears as charcoal, graphite, and diamond, but 
yet the element carbon alone, contained in each, is one and the same 
Carbonic anhydride contains carbon, and not charcoal, or graphite, or 
the diamond. 

Elements alone, although not all of them, nave the peculiar lustre, 
opacity, malleability, and the great heat and electrical conductivity 
which are proper to metals and their mutual combinations. But 
elements are far from all being metals. Those which do not possess 
the physical properties of metals are called non-metals (or trutallouls). 
It is, however, impossible to draw a strict line of demarcation between 
metals and non-metals, there being many intermediary substances. 
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Thus graphite, from which pencils are manufactured, It an element 
with the lustre and other properties of a metal ; but charcoal and the 
diamond, which are composed of the same substance as graphite, do 
not show any metallic properties. Both classes of elements are clearly 
distinguished in definite examples, but in particular cases the distinc- 
tion is not clear and cannot serve as a basis for the exact division of 
the elements into two groups. 

The conception of elements forms the basis of chemical knowledge, 
and in giving a list of them at the very beginning of our work, we 
wish to tabulate our present knowledge on the subject. Altogether 
about seventy elements are now authentically known, but many of 
them are so rarely met with in nature, and have been obtained in such 
small quantities, that we possess but a very insufficient knowledge of 
them. The substances most widely distributed in nature contain a 
very small number of elements. These elements have been more 
completely studied than the others, because a greater number of 
investigators have been able to carry on experiments and observations 
on them. The elements most widely distributed in nature are :— 

Hydrogen, H osl In water, and in animal and vegetable) 
organisms. 
In organisms, coal, limestones. 
In air and in organisms. 
In air, water, earth. It forms the greater 

part of the mass of the earth. 
In common salt and in many minerals. 
In sea- water and in many minerals* 
In minerals and clay. 
In sand, minerals, and clay. 
In bones, ashes of plants, and sofl. 
In pyrites, gypsum, and in sea-water. 
In common salt, and in the salts of sea* 

water. 
In minerals, ashes of plants, and in nitre. 
In limestones, gypsum, and in organisms* 
In the earth, iron ores, and in organisms. 
Besides these, the following elements, although not very largely 
distributed in nature, are all more or less well known from their 
applications to the requirements of everyday life or the arts, either in 
a free state or in their compounds :— 

Lithium, Li =7. In medicine (Li, C0 3 ), and in photography (HBr). 
Boron, Basil. As borax, B*Na a 7 , and as borio anhydride, B t O* 



Carbon, 





=12. 


Nitrogen, 


N 


=14. 


Oxygen, 





-16. 


Sodium, 


Na 


=23. 


Magnesium, Mg 


=24. 


Aluminium 


,A1 


=27 


Silicon, 


Si 


=28. 


Phosphorus 


,P« 


=31. 


Sulphur, 


S 


=32. 


Chlorine, 


CI; 


=35-5. 


Potassium, 


K 


=39. 


Calcium, 


Ca 


=40. 


Iron, 


Fe 


=56. 
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Fluorine, F 
Chromium, Cr 



-19. 



CaF„ and as hydrofluoric) 



Manganese, Mn=55 



Cobalt, 

Nickel, 

Copper, 

Zinc, 

Arsenic, 



Co 

Ni: 

Cu: 

Zn: 

As: 



r75. 
Bromine, Br =80 



Strontium, Sr 
Silver, Ag 

Cadmium, Cd; 

Tin, Sn« 
Antimony, Sb« 
Iodine, I = 

Barium, Ba= 

Platinum, Pt s 

Oold, Au 

Mercury, Hg 

Lead, Pb 

Bismuth, Bi » 

Uranium, U = 



As fluor spar, 
acid, HF 
«52. As chromic anhydride, CrO„ and potaa- 
sium dichromate, K t Cr,0 7 . 
As manganese peroxide, Mn0 8 , and po-/ 
tassium permanganate, MnR0 4 
:59*5 In smalt and blue glass. 
:59*5 For electro-plating other metals. 
:63. The well-known red metal. ' 

65. Used for the plates of batteries, roofing, Ao. 
White arsenic (poison), As 2 8 . 
A brown volatile liquid, sodium bromide* 
NaBr. 
=87. In coloured fires (SrN,0 6 ). 
:109. The well-known white metal. 
:112. In alloys. Yellow paint (CdS). 

119. The well-known metal. 

120. In alloys such as type metal. 
127. In medicine and photography , free, and as 

KI. 
137. "Permanent white," and as an adulterant 

in white lead, and in heavy spar, BaS0 4 . 
196.x 

197. 

2qa Well-known metals. 

^207.. 

209. In medicine and fusible alloys* 

239. In green fluorescent glass 



The compounds of the following metals and semi-metals have fewer 
applications, but are well known, and are somewhat frequently met 
with in nature, although in small quantities : — 

Palladium,Pd=107. 



Beryllium, 


Be =9. 


Titanium, 


Ti =48. 


Vanadium, 


V =51. 


8elenium, 


Se =79. 


Zirconium, 


Zr =91 



Molybdenum, Mo =96. 



Cerium, 

Tungsten, 

Osmium, 

Iridium, 

Thallium. 



Ce=14Q. 
W«184. 
Os=192. 
Ir=193. 
Tl=204. 



The following rare metals are stOl more seldom met with in nature, 
but have been studied somewhat fully :— 

Scandium, Sc =44. Germanium, Oe= 72. 

Gallium, Oa=70. Rubidium, Rb=86. 
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Yttrium, Y =89. C»sium, Cs = 133. 

Niobium, Nb = 94. Lanthanum, La=138. 

Ruthenium Ru=102. Didymium, Dies 142. 

Rhodium, Rh=103. Ytterbium, Yb*173. 

Indium, In =114. Tantalum, Ta=183. 

Tellurium, Te=125. Thorium, Th =232. 

Besides these 66 elements there have been discovered : — Erbium, 
Terbium, Samarium, Thullium, Holmium, Mosandrium, Phillipium, 
and several others. But their properties and combinations, owing to 
their extreme rarity, are very little known, and even their existence as 
independent substances ,8 is doubtful. 

It has been incontestably proved from observations on the spectra* 
of the heavenly bodies that many of the commoner elements (such aa 
H, Na, Mg, Fe) occur on the far distant stars. This fact confirms the 
belief that those forms of matter which appear on the earth as elements 
, are widely distributed over the entire universe. But we do not yet 
.know why, in nature, the mass of some elements should be greater 
than that of others. 28 bU 

The capacity of each element to combine with one or another 
element, and to form compounds with them which are in a greater or 
less degree prone to give new and yet more complex substances, forma 
the fundamental character of each element. Thus sulphur easily com- 
bines with the metals, oxygen, chlorine, or carbon, whilst gold and 
silver enter into combinations with difficulty, and form unstable com- 
pounds, which are easily decomposed by heat The cause or force 
which induces the elements to enter into chemical change must be con- 
sidered, as also the cause which holds different substances in combina- 
tion — that is, which endues the substances formed with their particular 
degree of stability. This cause or force is called affinity (qffiniUu t 
affinity Verwandlschq/i), or chemical affinity.* Since this force must 

" Possibly some of their compounds are compound* of other already-known elements. 
Pure and incontestably independent compounds of these substances are unknown, and 
tome of them hare not even been separated, but are only supposed to exist from- the 
results of epectroeoopio researches. There can be no mention of such contestable and 
doubtful elements in a short general handbook of chemistry. 

tt tb Clark in America made an approximate calculation of the amount of the dif- 
ferent elements contained in the earth's crust (to a depth of 16 kilometres), end found 
that the chief mass (over SO per cent.) is composed of oxygen ; then comes silicon, Ac ; 
while the amount of hydrogen is lees than 1 per cent, carbon scarcely 0*25 per cent, 
nitrogen even lets than 0*08 per cent. The relative masses of such metals as Cu, Ni, Au 
is minute. Judging from the density (see Chapter VUL) of the earth, a large propartioo 
of ite mass must be composed of iron. 

* Thie word, first introduced, if I mistake not, mto chemistry by Glauber, is based 
on the ides of the ancient philosophers that combination can only take place when the 
substances combining have something in common— a medium. As is generally the case, 
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be regarded as exclusively an attractive force, like gravity, many 
writers (for instance, Bergmann at the end of the last, and Berthollet 
at the beginning of this, century) supposed affinity to be essentially 
similar to the universal- force of gravity, from which it only differs in 
that the latter acts at observable distances whilst affinity only evinces 
itself at the smallest possible distances. But chemical affinity cannot 
be entirely identified with the universal attraction of gravity, which 
acts at appreciable distances and is dependent only on mass and dis- 
tance, and not on the quality of the material on which it acts, whilst 
it is by the quality of matter that affinity is most forcibly influenced. 
Neither can it be entirely identified with cohesion, which gives to 
homogeneous solid substances their crystalline form, elasticity, hard- 
ness, ductility, and other properties, and to liquids their surface tension, 
drop formation, capillarity, and other properties, because affinity acts 
between the component parts of a substance and cohesion on a sub- 
stance in its homogeneity, although both act at imperceptible distances 
(by contact) and have much in common. Chemical force, which makes 
one substance penetrate into another, cannot be entirely identified with 
even those attracting forces which make different substances adhere to 
each other, or hold together (as when two plane-polished surfaces of 
solid substances are brought into close contact), or which cause liquids 
to soak into solids, or adhere to their surfaces, or gases and vapours to 
condense on the surfaces of solids. These forces must not be con- 
founded with chemical forces, which cause one substance to penetrate 
into the substance of another and to form a new substance, which is 
never the case with cohesion. But it is evident that the forces which 
determine cohesion form a connecting-link between mechanical and 
chemical forces, because they only act by intimate contact. For a 
long time, and especially during the first half of this century, chemical 
attraction and chemical forces were identified with electrical forces. 
There is certainly an intimate relation between them, for electricity is 
evolved in chemical reactions, and has also a powerful influence on 
chemical processes — for instance, compounds are decomposed by the 
action of an electrical current. And the exactly similar relation which 
exists between chemical phenomena and the phenomena of heat (heat 
being developed by chemical phenomena, and heat being able to decom- 
pose compounds) only proves the unity of the forces of nature, the 
capability of one force to produce and to be transformed into others. 
For this reason the identification of chemical force with electricity will 

another idea evolved itself in antiquity, and hM lived until now, side by tide with the 
first, to which it it exactly contradictory ; thia considers union ae dependent on contrast, 
on polar difference, on an effort to fill up a want 
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oot bear experimental proof.* As of all the (molecular) phe 
of nature which act on substances at immeasurably small Hia^i^f 
the phenomena of heat are at present the best (comparatively) known, 
haying been reduced to the simplest fundamental principles of 
mechanics (of energy, equilibrium, and movement), which, since 
Newton, have been subjected to strict mathematical analysis, it is 
quite natural that an effort, which has been particularly pronounced 
during recent years, should have been made to bring chemical 
phenomena into strict correlation with the already investigated phe- 
nomena of heat, without, however, aiming at any identification of 
chemical with heat phenomena. The true nature of chemical force is 
still a secret to us, just as is the nature of the universal force of gravity, 
and yet without knowing what gravity really is, by applying mechani- 
cal conceptions, astronomical phenomena have been subjected not only 
to exact generalisation but to the detailed prediction of a number of 
particular facts ; and so, also, although the true nature of chemical 
affinity may be unknown, there is reason to hope for considerable pro- 
gress in chemical science by applying the laws of mechanics to chemical 
phenomena by means of the mechanical theory of heat As yet this 
portion of chemistry has been but little worked at, and therefore, while 
forming a current problem of the science, it iu treated more fully in 
that particular field which is termed either ' theoretical ' or • physical ' 
chemistry, or, more correctly, chemical mechania. As this province of 
chemistry requires a knowledge not only of the various homogeneous 

90 Especially conclusive are those cases of so-called metalepsis (Dome*, Lament). 
Chlorine, in combining with hydrogen, forme a very stable substanoe celled 'hydrochloric 
acid,' which it split np by the action of en electrical current into chlorine and hydrogen, 
the chlorine appearing at the poeitir© and the hydrogen at the negative pole. Hence 
electro-chemists considered hydrogen to be an electropositive and chlorine an electro- 
negative element, and that they are held together in virtue of their opposite electrical 
charges. It appears, however, from metelepeie, that chlorine oan replace hydrogen (and, 
inversely, hydrogen can replace chlorine) in its oompounds without in any way changing 
the grouping of the other elements, or altering their chief chemioal properties. For 
instance, acetic acid in which hydrogen has been replaced by chlorine is still capable of 
forming salts. It must be observed, whilst considering this subject, that the explanation 
suggesting electricity as the origin of chemioal phenomena is unsound, sinoe it attempts to 
explain one class of phenomena whose nature is almost unknown by another olass which 
is no better known. It is most instructive to remark that together with the electrical 
theory of chemioal attraction there arose and survives a view which explains the galvanio 
current as being a transference of chemical action through the circuit— 4.*., regards the 
origin of electricity as being a chemical one. It is evident that the connection is very 
intimate, although both phenomena are independent and represent different forms of 
molecular (atomic) motion, whose real nature is not yet understood. Nevertheless, the 
connection between the phenomena of both categories is not only in iteelf very instructive, 
but it extends the applicability of the general idea of the unity of the forces of nature, 
conviction of the truth of which has held to important a place in the science of the Inst 
ten years. 
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substances which have yet been obtained and of the chemical trans- 
formations which they undergo, but also of the phenomena (of heat and 
other kinds) by which these transformations are accompanied, it is only 
possible to enter on the study of chemical mechanics after an acquain- 
tance with the fundamental chemical conceptions and substances which 
form the subject of this book. 31 

As the chemical changes to which substances are liable proceed 
from internal forces proper to these substances, as chemical phenomena 
certainly consist of motions of material parts (from the laws of the 
indestructibility of matter and of elements), and as the investigation 
of mechanical and physical phenomena proves the law of the indestruc- 
tibility of forces, or the conservation of energy — that is, the possibility 
of the transformation of one kind of motion into another (of visible 
or mechanical into invisible or physical) — we are inevitably obliged to 
acknowledge the presence in substances (and especially in the elements 
of which ail others are composed) of a store of chemical energy or in- 
visible motion inducing them to enter into combinations. If heat 
be evolved in a reaction, it means that a portion of chemical energy is 

81 I consider that in en elementary textbook of chemistry, like the present, it it only 
possible end advisable to mention, in reference- to chemical mechanics, a few general 
Ideas and some particular examples referring more especially to gases, whose mechanical 
theory most be regarded as the most complete. The molecular mechanics of liquids and 
solids is as yet in embryo, and contains much that is disputable; for this reason, 
chemical mechanics has made less p r ogr e ss in relation to these substances. It may not 
be superfluous here to remark, with respect to the conception of chemical affinity, that 
up to the p r es e nt time gravity, electricity, and heat have all been applied to its elucida- 
tion. Efforts have also been made to introduoe the luminiferous ether into theoretical 
chemistry, and should that connection between the phenomena of light and electricity 
which was establish e d by Maxwell be worked out more in detail, doubtless these efforts 
to elucidate all or a great deal by the aid of luminiferous ether will again appear in 
theoretical chemistry. An independent chemical mechanics of the material pa r ti c les of 
matter, and of their internal (atomic) changes, would, in my opinion, arise as the result 
el th e se efforts. Two hundred years ago Newton laid the foundation of a truly scientific 
theoretical mechanics of external visible motion, and on this foundation erected the 
edifice of celestial mechanics One hundred years ego Lavoisier arrived at the first 
fundamental law of the internal mechanics of invisible particles of matter. This subject 
Is far from having been developed into a harmonious whole, because it is much more 
difficult, and, although many details have been completely investigated, it does not 
p oss e ss any starting points. Newton only came after Copernicus and Kepler, who had 
discovered empirically the exterior simplicity of celestial phenomena. Lavoisier and 
Dal ton may, in respect to the chemical mechanics of the molecular world, be compared 
to Copernicus and Kepler. But a Newton has not yet appeared in the molecular world ; 
when he does, I think that he will find the fundamental laws of the mechanios of the 
Invisible motions of matter more easily and more quickly in the r^emical structure of 
matter than in physical phenomena (of electricity, heat, and light) ; for these latter are 
accomplished by particles of matter already arranged, whilst it is now clear that the 
problem of chemical mechanics mainly lies in the apprehension of those motions whica 
are invisibly accomplished by, the smallest atoms of matter. 
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transformed into heat ; *' if heat be absorbed in a reaction,* that it is ' 
partly transformed (rendered latent) into chemical energy. The store 
of force or energy .going to the formation of new compounds may, after 
several combinations, accomplished with an absorption of heat, at last 
diminish to such a degree that indifferent compounds will be obtained, 
although these sometimes, by combining with energetic elements or 
compounds, give more complex compounds, which may be capable of 
entering into chemical combination. Among elements, gold, platinum, 
and nitrogen hare but little energy, whilst potassium, oxygen, and 
chlorine have a very marked degree of energy. When dissimilar sub* 
stances enter into combination they often form substances of diminished 
energy. Thus sulphur and potassium when heated easily burn in air, 
but when combined together their compound is neither inflammable 
nor burns in air like its component parts. Part of the energy of the 
potassium and of the sulphur was evolved in their combination in the 
form of heat Just as in the passage of substance* from one physical 
state into another a portion of their store of heat is absorbed or 
evolved, so in combinations or decompositions and in every chemical 

* The theory of heat gave the idea of a store of internal motion or energy, end 
therefore wKh H, it became necessary to acknowledge o h emioal energy, but there it no 
foundation whatever for identifying heat energy with ehem i cal energy. It may be sup- 
posed, bat not positively affirmed, that heat motion is proper to molecules end chemieal 
motion to atoms, bat that as molecules are made up of atoms, the motion of the one 
passes to the other, and that for this r eason heat strongly influences reaction and 
appears or disappears (is absorbed) in reactions. Ibese relations, which are apparent 
and hardly subject to doubt on general lines, stfll pr ese nt much that is doubtful In 
detail, because aU forms of molecular and atomic motion are able to pass into each 



* Ttoe reactions which take place (at the ordinary or at a high temperature) directly 
between substances may be dearly divided into exothermal, which are accompanied by 
an evolution of heat, and endothermal, which are accompanied by an absorption of heat 
It is evident that the latter require a source of heat. They are determined either by the 
directly surrounding medium (as in the formation of carbon bisulphide from charcoal and 
sulphur, or in decompos it ions which take place at high temperatures), or else by a 
secondary r ea ct ion proceeding simultaneously, or by some other form of energy (light, 
electricity). 60, for instance, hydrogen sulphide is decomposed by iodine in the presence 
of water at the expense of the heat which is evolved by the eolation in water of the 
hydrogen iodide produced. This is the reason why this reaction, as exothermal, only 
takes place in the presence of water; otherwise it would he accompanied by a cooling 
effect. As in the combination of dissimilar substanoes, the bonds existing between the 
molecules and atoms of the homogeneous substances have to be broken asunder, whilst m 
reactions of rearrangement the formation of any one substanoe proceeds simultaneously 
with the formation of another, and, as in reactions, a series of physical and mechanical 
changes take place, it is impossible to separate the heat directly depending on a given 
reaction from the total sum of the observed heat effect. For this reason, thermo-chemkal 
data are very complex, sud cannot by themselves give the key to insny chemical problems, 
asH was at first supposed they might. Tbeyoufht to form a part of ohemioal 1 
but alone they do not oonetttnte ft. 
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process, there oecurs a change in the store of ohemioal energy, and at 
the same time an evolution or absorption -of heat.* 4 

For the comprehension of ohemioal phen omena * as meohanioal pro* 
oesses — %.«., the study of the modw optnmdici ohemioal phenomena—' 
it is most important to consider : (1) the facts gathered from 
stoichiometry, or that part of chemistry which treats of the qoantita* 
tive relation, by weight or volume, of the reacting substances ; (2) the 
distinction between the different forms and classes of ohemioal 
reactions ; (3) the study of the changes in properties produoed by 
alteration in composition ; (4) the study of the phenomena which ac- 
company cbemioal transformation ; (5) a generalisation of the con- 
ditions under which reactions occur. As regards stoiohiometry, this 
branch of chemistry has been worked out most thoroughly, and 
comprises laws (of Dalton, Avogadro-Gerhardt, and others) which bear 
so deeply on all parts of chemistry that at the present time the chief 
problem of cbemioal research consists in the application of general 
atoichiometrical laws to concrete examples, i.e., the quantitative 
(volumetric or gravimetric) composition of substances. All other 
branches of chemistry are clearly subordinate to this most important 
portion of chemical knowledge. Even the very signi6oation of re- 
actions of combination, decomposition, and rearrangement^ aoquired, as 
we shall see, a particular and new character under the influence of too 
progress of exact ideas concerning the quantitative relations of suh- 
etances entering into- chemical changes. Furthermore, in this sense 
there arose a new — and, till then, unknown — division of compound 
substances into definite and indefinite compounds. Even at the beginning 
of this oentury, Berthollet had not made this distinction. But Front 
showed that a number of compounds contain the substances of which 
they are composed and into which they break up, in exact definite pro- 
portions by weight, which are unalterable under any conditions. Thus, 
for example, red mercury oxide always contains sixteen parts by weight 
of oxygen for every 200 parts by weight of mercury, which is expressed 
by the formula HgO. But in an alloy of copper and silver one or the 
other metal may be added at will, and in an aqueous solution of sugar, 
the relative proportion of the sugar and water may be altered and 
nevertheless a homogeneous whole with the sum of the independent 

** As chemical reactions are effected by heating, so the heat absorbed by substances 
before decomposition or change of state, and called ' specific heat,* goes in many cases to 
the preparation, if it may be so expressed, of reaction, even when the limit of the 
temperature o$ reaction is not attained. The molecules of a substance A, which is notable 
f&react an a substance B below a temperature t, by being heated from a somewhat lower 
temperature to <, undergoes that change which had to be arrived at for the formation 
olAR 
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properties will be obtained — ♦.*., in these cases there was indefinite 
chemical combination. Although in nature and chemical practice the 
formation of indefinite compounds (such as alloys and solutions) plays 
as essential a part as the formation of definite chemical compounds, yet* 
as the stoichiometrical laws at present apply chiefly to the latter, all 
facts concerning indefinite compounds suffer from inexactitude, and it 
is only during recent years that the attention of chemists has been 
directed to this province of chemistry. 

In chemical mechanics it Is, from a qualitative point of view, very 
important to clearly distinguish at the very beginning between r$v$r* 
$ible and non-nvrnMU reaction*. Substances capable of reacting on 
each other at a certain temperature produoe substances which at the 
same temperature either can or cannot give back the original substances, 
For example* salt dissolves in water at the ordinary temperature, and 
the solution so obtained is capable of breaking up at the same tempera- 
ture, leaving salt and separating the water by evaporation. Carbon 
bisulphide is formed from sulphur and carbon at about the same 
temperature at which it can be resolved into sulphur and carbon. Iron, 
at a oertain temperature, separates hydrogen from water, forming iron 
oxide, which, in contact with hydrogen at the same temperature, is able 
to produoe iron and water. It is evident that if two substances, A 
and B, give two others C and D, and the reaction be reversible, then 
and D will form A and B, and, consequently, by taking a definite 
mass of A and B, or a corresponding mass of C and D, we shall obtain, 
in each case, all four substances — that is to say, there will be a state 
of chemical equilibrium between the reacting substances. By increasing 
the mass of one of the substanoes we obtain a new condition of equi- 
librium, so that reversible reactions present a means of studying the 
influence of mass on the modus operandi of chemical changes. Many 
of those reactions which occur with very complicated compounds or 
mixtures may serve as examples of non-reversible reactions. Thus 
many of the compound substances of animal and vegetable organisms 
are broken up by heat, but cannot be re-formed from their products 
of decomposition at any temperature. Gunpowder, as a mixture of 
sulphur, nitre, and carbon, on being exploded, forms gases from which 
the original substances cannot be re-formed at any temperature. In • 
order to obtain them, recourse must be had to an indirect method of 
combination at the moment of separation. If A does not under any 
circumstances combine directly with B, it does not follow that it cannot 
give a compound A B. For A can often combine with C and B with 
D, and if C has a great affinity for D, then the reaction of A C or B D 
produces not only C D, but also A B. As on the formation of D. 
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the substances A and B (previously in A and B D) are left in a 
peculiar state of separation, it is supposed tbat their mutual com* 
bination occurs because they meet together in this nascent $taie at the 
moment of separation (in ttatu naeoendi). Thus chlorine does not 
directly combine with charcoal, graphite, or diamond ; there are, never* 
thelees, compounds of chlorine with carbon, and many of them are 
distinguished by their stability. They are obtained in the action of 
chlorine on hydrocarbons, as the separation products from the dueet 
action of chlorine on hydrogen. Chlorine takes up the hydrogen, and 
the oarbon liberated at the moment of its separation, enters into com* 
bination with another portion of the chlorine, so that in the end the 
chlorine is combined with both the hydrogen and the carbon.** 

As regards those phenomena whkh accompany chemical action, the 
most important circumstance in reference to chemical mechanics is tbat 
not only do chemical processes produce a mechanical displacement (a 
motion of particles), heat, light, electrical potential and current ; but 
that all these agents are themselves capable of changing and governing 
chemical transformations. This reciprocity or reversibility naturally 
depends on the met that all the phenomena of nature are only different 
kinds and forms of visible and invisible (molecular) motions. First 
sound, and then light, was shown to consist of vibratory motions, as 
the laws of physics have proved and developed beyond a doubt. 
The connection between heat and mechanical motion and work has 
ceased to be a supposition, but has become an accepted fact, and the 
mechanical equivalent of heat (425 kilogrammetres of mechanical work 
correspond with one kilogram unit of heat or Calorie) gives a mecha- 
nical measure for thermal phenomena. Although the mechanical 
theory of electrical phenomena cannot be considered so fully developed 
as the theory of heat, both statical and dynamical electricity are 

* It is possible to imagine that the crate of a gnat many of such reactions is, that 
tnfrrtaiHMM taken in a separate state, for instance, charcoal, present a complex m/iU^i^ 
composed of separate atoms of carbon which are fastened together (united, as is usually 
said) by a considerable affinity ; for atoms of the same kind, just like atoms of different 
kinds, poss e s s a mutual affinity. The affinity of chlo rin e for carbon, although unable 
to break this bond asunder, may be sufficient to form a stable compound with atoms of 
carbon, which are already separate. Such a view of the subject presents a hypothesis 
which, although dominant at the present time, is without sufficiently firm foundation. It 
is evident, however, that not only does chemical reaction itself oonsist of motions, but 
that in the compound formed (in the molecules) the elements (atoms) forming it are in 
harmonious stable motion (like the planets in the solar system), and this motion will 
affect the stability and capacity for reaction, and therefore the mechanical aide of chemical 
action must be exceedingly complex. Just as there are solid, physically constant non- 
volatile substances like rock, gold, charcoal, Ac., so are there stable and chemically con- 
stant bodies ; while corresponding to physically volatile su bst a nc es there are bodies like 
c, which are chemicaUy unstable and variable. 
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produced 1>y mechanical means (in common electrical machines or in 
Gramme or other dynamos), and conversely, a current' (in electric 
motors) can produce mechanical motion. Thus by connecting a current 
with the poles of a Gramme dynamo it may be made to revolve, and, 
conversely, by rotating it an electrical current is produced, which 
demonstrates the reversibility of electricity into mechanical motion. 
Accordingly chemical mechanics must look for the fundamental lines 
of its advancement in the correlation of chemical with physical and 
mechanical phenomena. But this subject, owing to its complexity and 
comparative novelty, has not yet been expressed by a harmonious 
theory, or even by a satisfactory hypothesis, and therefore we shall 
avoid lingering over it. 

A chemical change in a certain direction is accomplished not only 
by reason of the difference of masses, the composition of the substances 
concerned, the distribution of their parts, and their affinity or chemical 
energy, bat also by reason of the conditions under which the sub- 
stances occur. In order that a certain chemical reaction may take 
place between substances which are capable of reacting on each other, 
it is often necessary to have recourse to conditions which are sometimes 
very different from those in which the substances usually occur in 
nature. For example, not only is the presence of air (oxygen) necessary 
for the combustion of charcoal, but the latter must also be heated to 
redness^ The red-hot portion of the charcoal burns — i.c combines 
with the oxygen of the atmosphere— and in so doing evolves heat, 
which raises the temperature of the adjacent parts of charcoal, so 
that they burn. Just as the combustion of charcoal is dependent on 
its being heated to redness, so also every chemical reaction only takes 
place under certain physical, mechanical, or other conditions. The 
following are the chief conditions which exert an influence on the 
progress of chemical reactions. 

(a) Tetnperature. — Chemical reactions of combination only take 
place within certain definite limits of temperature, and cannot be 
accomplished outside these limits. We may cite as examples not only 
that the combustion of charcoal begins at a red heat, but also that 
chlorine and salt only combine with water at a temperature below 0°. 
These compounds cannot be formed at a higher temperature, for they 
are then wholly or partially broken up into their component parts. 
A certain rise in temperature is necessary to start combustion. In 
certain cases the effect of this rise may be explained as causing one 
of the reacting bodies to change from a solid into a liquid or gaseous 
form. The transference into a fluid form facilitates the progress of 
the reaction, because it aids the intimate contact of the particles 
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reacting on each other Another reason, and to this must be ascribed 
the chief influence of heat in exciting chemical action, is that the 
physical cohesion, or the internal chemical union, of . homogeneous 
particles is thereby weakened, and in this way the separation of the 
particles of the original substances, and their transference into new 
compounds, is rendered easier. When a reaction absorbs heat — as in 
decomposition — the reason why heat is necessary is self-evident. 

At the present day it may be asserted upon the basis of existing 
data, respecting the action of high temperature, that all compound 
bodies are decomposed at a more or less high temperature. We have 
already seen examples of this in describing the decomposition of 
mercury oxide into mercury and oxygen, and the decomposition of 
wood under the influence of heat. Many substances are decomposed 
kt a very moderate temperature ; for instance, the fulminating salt 
which is employed in cartridges is decomposed at a little above 120° 
The majority of those compounds which make up the mass of animal 
and vegetable tissues are decomposed at 200°. On the other hand, 
there is reason to think that at a very low temperature no reaction 
whatever can take place. Thus plants cease to carry on their chemical 
processes during the winter. Raoul Pictet (1892), employing the very 
low temperatures (as low as — 200°O.) obtained by the evaporation of 
liquefied gases (see Chap. II.), has recently again proved that at tempera- 
tures below — 120°, even such reactions as those between sulphuric acid 
and caustic soda or metallic sodium do not take place, and even the 
coloration of litmus by acids only commences at temperatures above 
— 80°. If a given reaction does not take place at a certain low tempera- 
ture, it will at first only proceed slowly with a rise of temperature (even 
if aided by an electric discharge), and will only proceed rapidly, with 
the evolution of heat, when a certain definite temperature has been 
reached. Every chemical reaction requires certain limits of tempera- 
ture for its accomplishment, and, doubtless, many of the chemical 
changes observed by us cannot take place in the sun, where the 
temperature is very high, or on the moon, where it is very low. 

The influence of heat on reversible reactions is particularly instruc- 
tive. If, for instance, a compound which is capable of being reproduced 
from its products of decomposition be heated up to the temperature at 
*rhich decomposition begins, the decomposition of a mass of the sub* 
stance contained in a definite volume is not immediately completed. 
Only a certain fraction of the substance is decomposed, the other por- 
tion remaining unchanged, and if the temperature be raised, the quan- 
tity of the substance decomposed increases ; furthermore, for a given 
volume, the ratio between the part decomposed and the part unaltered 
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corresponds with each definite rise in temperature until it reaches thai 
at which the compound is entirely decomposed. This partial decom- 
position under the influence of beat is called dissociation. It is pos- 
sible to distinguish between the temperatures at which dissociation 
begins and ends. Should dissociation proceed at a certain temperature, 
yet should the product or products of decomposition not remain in 
contact with the still undecoin posed portion of the compound, then 
decomposition will go on to the end. Thus limestone is decomposed 
in a limekiln into lime and carbonic anhydride, because the latter is 
carried off by the draught of the furnace. But if a certain mass of 
limestone be enclosed in a definite volume — for instance, in a gun 
barrel — which is then sealed up, and heated to redness, then, as the 
carbonic anhydride cannot escape, a certain proportion only of the 
limestone will be decomposed for every increment of heat (rise in tern* 
perature) higher than that at which dissociation begins. Decomposition 
will cease when the carbonic anhydride evolved presents a maximum 
dissociation pressure corresponding with each rise in temperature. If 
the pressure be increased by increasing the quantity of gas, then com- 
bination begins afresh ; if the pressure be diminished decomposition 
will recommence. Decomposition in this case is exactly similar to 
evaporation ; if the steam given off by evaporation cannot escape, its 
pressure will reach a maximum corresponding with the given tempera- 
ture, and then evaporation will cease. Should steam be added it will 
be condensed in the liquid ; if its quantity tfe diminished —t.e. if the 
| pressure be lessened, the temperature being constant — then evaporation 
. will go on. We shall afterwards discuss more fully these phenomena of 
dissociation, which were first discovered by Henri St. Claire Deville. 
We will only remark that the products of decomposition re* combine 
with greater facility the nearer their temperature is to that at whioh 
dissociation begins, or, in other words, that the initial temperature of 
dissociation is near to the initial temperature of combination. 

(b) The influence of an electric current, and of electricity in general, 
on the progress of chemical transformations is very similar to the. 
influence of heat. The majority of compounds which conduct elec- 
tricity are decomposed by the action of a galvanic current, and as 
there is great similarity in the conditions under which decomposition 
and combination proceed, combination often proceeds under the in- 
fluence of electricity. Electricity, like heat, must be regarded as a 
peculiar form of molecular motion, and all that refers to the influence of 
heat also refers to the phenomena produced by the action of an 
electrical current, with this difference, only that a substance can be 
separated into its component parts with much greater ease by electricity, 
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since the process goes on at the ordinary temperature. The most 
stable compounds may be decomposed by this means, and a most im- 
portant fact is then observed — namely, that the component parts- 
appear at the different poles of electrodes by which the current passes 
through the substance. Those substances which appear at the positive, 
pole (anode) are called ' electronegative,' and those which appear at 
the negative pole (cathode, that in connection with the zinc of an 
ordinary galvanic battery) are called ' electro-positive.' The majority 
of non-metallic elements, such as chlorine, oxygen, &c., and also acids 
and substances analogous to them, belong to the first group, whilst the 
metals, hydrogen, and analogous products of decomposition appear 
at the negative pole. Chemistry is indebted to the decomposition of 
compounds by the electric current for many most important discoveries. 
Many elements have been discovered by this method, the most im- 
portant being potassium and sodium. Lavoisier and the chemists of 
his time were not able to decompose the oxygen compounds of these 
metals, but Davy showed that they might be decomposed by an 
electric current, the metals sodium and potassium appearing at the 
negative pole. Now that the dynamo gives the possibility of pro- 
ducing an electric current by the combustion of fuel, this method of 
Sir H. Davy is advantageously employed for obtaining metals, &c. on 
a large scale, for instance, sodium from fused caustic soda or chlorine 
from solutions of salt. 

(c) Certain unstable compounds are also decomposed by the action 
of light. Photography is based on this property in certain substances 
(for instance, in the salts of silver). The mechanical energy of those 
vibrations which determine the phenomena of light is very small, and 
therefore only certain, and these generally unstable, compounds can be 
decomposed by light — at least under ordinary circumstances. But 
there is one class of chemical phenomena dependent on the action of 
light which forms as yet an unsolved problem in chemistry — these are 
the processes accomplished in plants under the influence of light 
Here there take place most unexpected decompositions and combina- 
tions, which are often unattainable by artificial means. For instance, 
carbonic anhydride, which is so stable under the influence of heat and 
electricity, is decomposed and evolves oxygen in plants under the 
influence of light. In other cases, light decomposes unstable com- 
pounds, such as are usually easily decomposed by heat and other 
agents. Chlorine combines with hydrogen under the influence of 
light, which shows that combination, as well as decomposition, can 
be determined by its action, as was likewise the case with heat and 
electricity. 
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(d) Mechanical cause* exert, like the foregoing agents, an action 
both on the process of chemical combination and of decomposition. 
Many substances are decomposed by friction or by a blow— as, for 
example, the compound called iodide of nitrogen (which is composed of 
iodine, nitrogen, and hydrogen), and silver fulminate. Mechanical 
friotion causes sulphur to burn at the expense of the oxygen contained 
in potassium chlorate. Pressure affects both the physical and chemical 
state of the reacting substances, and, together with the temperature, 
determines the state of a substance. This is particularly evident when 
the substance occurs in an elastic -gaseous form since the volume, and 
hence also the number of points of encounter between the reacting 
substances is greatly altered by a change of pressure. Thus, under 
equal conditions of temperature, hydrogen when compressed acts more 
powerfully upon iodine and on the solutions of many salts. 

(e) Besides the various conditions which have been enumerated 
above, the progress of chemical reactions is accelerated or retarded by 
the condition of contact in which the reacting bodies occur Other 
conditions remaining constant, the rate of progress of a chemical re- 
action is accelerated by increasing the number of points of contact. It 
will be enough to point out the fact that sulphuric acid does not absorb 
ethylene under ordinary conditions of contact, but only after con- 
tinued shaking, by which means the number of points of contact is 
greatly increased. To ensure complete action between solids, it is 
necessary to reduce them to very fine powder and to mix them as 
thoroughly as possible. M. Spring, the Belgian chemist, has shown 
that finely powdered solids which do not react on each other at the 
ordinary temperature may do so under an increased pressure. Thus, 
under a pressure of 6,000 atmospheres, sulphur combines with many 
metals at the ordinary temperature, and mixtures of the powders of 
many metals form alloys. It is evident that an increase in the number 
of points or surfaces must be regarded as the chief cause producing 
reaction, which is doubtless accomplished in solids, as in liquids and 
gases, in virtue of an internal motion of the particles, which motion, 
although in different degrees and forms, must exist in all the states of 
matter. It is very important to direct attention to the fact that the 
internal motion or condition of the parts of the particles of matter 
must be different on the surface of a substance from what it is inside ; 
because in the interior of a substance similar particles are acting on 
all sides of every particle, whilst at the surface they act on one side 
only. Therefore, the condition of a substance at its surfaces of contact 
with other substances must be more or less modified by them — it may 
be in a manner similar to that caused by an elevation of temperature* 
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these considerations throw some light on the action in the large class 
at contact reaction* ; that it, such as appear to proceed from the mere 
presence (contact) of certain special substance* Porous or powdery 
substances are very prone to act in this way, especially spongy 
platinum and charcoal For example, sulphurous anhydride does not 
oombine directly with oxygen, but this reaction takes place in the 
presence of spongy platinum. 86 

The above general and introductory chemical conceptions cannot be 
thoroughly grasped in their true sense without a knowledge of the 
particular facts of ohemistry to which we shall now turn our attention* 
It was, however, absolutely necessary to become acquainted on the 
very threshold with such fundamental principles as the laws of the 
Indestructibility of matter and of the conservation of energy, since it is 
Only by their acceptance, and under their direction and influence, that 
the examination of particular facts can give practical and fruitful results. 

M Contact phsnomcna are sepsxatsl y considered in detail in the work of Professor 
Konovaloff (1884). In my opinion, il most be held the! the state of the internal motions 
of the atoms in moletmlea is modified at the points of contact of substances, and this 
state determines chemical reactions, and therefore, that reactions of combination, de- 
composition, and rearrangement are accomplished by oontaet. Professor Konoveloff 
showed that a number of substances, under certain conditions of their surfaces, act by 
contact ; for instance, finely divided silica (from the hydrate) acts just like platinum, 
decomposing certain compound ethers. As reactions are only accomplished under close 
contact, it is probable that those modifications in the distribution of the atoms in mole- 
cules which come about by contact phenomena prepare the way for them. By this the 
rdie of contact phenomena is considerably extended. 8uch phenomena should explain 
the fact why a mixture of hydrogen and oxygen yields water (explodes) at different 
temperatures, according to the kind of heated substance which transmits this tempera- 
ture. In chemical mechanics, phenomena of this kind have great importance, but as yet 
they have been but little studied. It must not be forgotten that contact is a necessary 
condition for every chemical reaction. 
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CHAPTER I 

ON WATER AND ITS COMPODND8 

Water is found almost everywhere in nature, and in all three physical 
states. As vapour, water occurs in the atmosphere, and in this form 
it is distributed over the entire surface of the earth. The vapour of 
water in condensing, by cooling, forms snow, rain, hail, dew, and fog. 
One cubic metre (or 1,000,000 cubic centimetres, or 1,000 litres, or 
35*316 cubic feet) of air can contain at 0° only 4 8 grams of water, at 
20° about 17*0 grams, at 40° about 50*7 grams ; but ordinary air only 
contains about 60 per cent, of this maximum. Air containing less 
than 40 per cent, is felt to be dry, whilst air which contains more than 
80 per cent, of the same maximum is considered as distinctly damp. 1 
Water in the liquid state, in falling as rain and snow, soaks into the 

1 In practice, the chemist has to continually deal with gases, and gases are often 
collected over water ; in which case a certain amount of water passes into vapour, and 
this vapour mixes with the gases. It is therefore most important that he should be able 
to calculate the amount of water or of moisture «n air and other genet. Let us 
imagine a cylinder ^landing in a mercury bath, and filled with a dry gas whose volume- 
equals v, temperature t° f and pressure or tension h mm. {h millimetres of the column, of 
mercury at 0°). We will introduce water into the cylinder in such a quantity that a small 
part remains in the liquid state, and consequently that the gas will be saturated with 
aqueous vapour ; the volume of the gas will then increase (if a larger quantity of water be 
taken some of the gas will be dissolved in it, and the volume may therefore be diminished). 
We will further suppose that, after the addition of the water, the temperature remains 
constant; then since the volume increases, the mercury in the cylinder falls, and therefore 
the pressure as well as the volume is increased. In order to investigate the phenomenon 
we will artificially increase the pressure, and reduce the volume to the original 
volume v. Then the pressure or tension will be greater than h t namely h +/, which 
means that by the introduction of aqueous vapour the pressure of the gas is increased. 
The researches of Dalton, Oay-Lussac, and Regnault showed that this increase is equal 
to the maximum pressure which is proper to the aqueous vapour at the temperature at 
which the observation is made. .The maximum pressure for all temperatures may be 
found in the tables made from observations on the pressure of aqueous vapour. The 
quantity / will be equal to this maximum pressure of aqueous vapour. This may be 
expressed thus: the maximum tension of aqueous vapour (and of all other vapours) 
saturating a space in a vacuum or in any gas is the same. This rule is known ae 
Dalton't law. Thus we have a volume of dry gas t>, under a pressure A, and a volume 
of moist gas, saturated with vapour, under a pressure h+f. The volume v of the dry 

gas under a pressure h+f occupies, from Boyle's law, a volume ~- ; consequently the 
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•oil and collects together into springs, lakes, rivers, seas, and oceans. 
It is absorbed from the soil by the roots of plants, which, when fresh, 

volume occupied by the Aqueous vapour under Ike pressure h+f equals v—2— t or 
J5L, Thus the volumes of the dry gas and of the moisture which occurs in it, at a 

pressure fc+/, are m the ratio /: A. And, therefore, if the aqueous vapour saturates a 
space at a pressure n, the volumes of the dry air and of the moisture which is contained 
in it are in the ratio n-/:f t where / is the pressure of tho vapour according to the 
tables of vapour tension. Thus, if a volume N of a gas saturated with moisture 
be measured at a pressure H, then the volume of the gas, when dry, will be equal to 

N H ~/. In fact, the entire volume N must be to the volume of dry gas x as H is to 
H 

H -/; therefore, N : x = H : H -/, from which m - N— ^/. Under any other pressure— 

_o H — f 
for instance, 760 mm.— the volume of dry gas will be ^?, or — -/, and we thus obtain 

the following practical rule : If a volume of a gas saturated with aqueous vapour be 
measured at a pressure H mm., then the volume of dry gas contained in* it will be 
obtained by finding the volume corresponding to the pressure H, less the pressure due 
to the aqueous vapour at the temperature observed. For example, 87*6 cubic centi- 
metres of air saturated with aqueous vapour were measured at a temperature of 168°, 
and under a pressure of 747*8 mm. of mercury (at 0°). What will be the volume of dry 
gas at 0° and 760 mm. ? 

The pressure of aqueous vapour corresponding to 16*8° is equal to 120 mm., and 

therefore the volume of dry gas at 16'8° and 7478 mm. is equal to 876* ? 47 ' 8 ~ 12 9 • •* 



760 mm. it will be equal to 875 x ^L! t and at 0° the volume of dry gas will be 



■ - 8481 0*. 



760 278+16-8 

From this rule may also be calculated what fraction of a volume of gas is occupied by 
moisture under the ordinary pressure at different temperatures ; for instance, at 80° C. 
*f«81*6, consequently 1C0 volumes of a nfoist gas or sir, at 760 mm., contain a volume of 

aqueous vapour 100 « rLr, or 4*110 ; it is also found that at 0° there is contained 
760 

0*61 p.c. by volume, at 10° 1*21 p.c, at 20° 2*29 p.c, and at 60° up to 1211 p.c. From 
this it may be judged how great an error might be made in the measurement of gases 
by volume if the moisture were not taken into consideration. From this it is also 
evident how great are the variations in volume of the atmosphere when it loses or gains 
aqueous vapour, which again explains a number of atmospheric phenomena (winds, 
variation of pressure, rainfalls, storms, Ac.) 

If a gas is not saturated, then it is indispensable that the degree of moisture should 
be known in order to determine the volume of dry gas from the volume of moist gas. 
The preceding ratio gives the maximum quantity of water which can be held in a gas, 
and the degree of moisture shows what fraction of this maximum quantity occurs in a 
given case, when the vapour does not saturate the space occupied by the gas. Conse- 
quently, if the degree of moisture equals 60 p.c— that is, half the maximum— then the 
volume of dry gas at 760 mm. is equal to the volume of dry gas at 760 mm. multiplied by 

■ ill » or » in general, by ~*l/ , where r is the degree of moisture. Thus, if it is 
760 760 ° 

required to measure the volume of a moist gas, it must either be thoroughly dried or 

quite saturated with moisture, or else the degree of moisture determined. The first and 

last methods are inconvenient, and therefore recourse is usually had to the second. For 

this purpose water it introduced into the cylinder holding the gas to be measured ; it is 
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contain from 40 to 80 per cent, of water by weight. Animals contain 
about the same amount of water. In a solid state, water appears 

left for a certain time so that the gas may become saturated, the precaution being taken 
that a portion of the water remains in a liquid state ; then the volume of the moist gat 
is determined, from which that of the dry gas may be calculated. In order to find the 
weight of the aqueous vapour in a gas it is necessary to know the weight of a cubio 
measure at 0° and 760 mm. Knowing that one cubic centimetre of air in these circum- 
stances weighs 0001298 gram, and that the density of aqueous vapour i» 062, we find 
that one cubic centimetre of aqueous vapour at 0° and 760 mm. weighs 0*0008 gram* 
aud at a temperature t° and pressure h the weight of one 'cubic centimetre will be 

00008 x * * «r?J? *• ^ e *lw*4y know that v volumes of a gas at a 'temperature !• 

pressure h contain vxl volumes of aqueous vapour which saturate it, therefore the 

weight of the aqueous vapour held in t* volumes of a gas will be 

tM0*0008x ;(xi. 
760 278 + t 

Accordingly, the weight of water which is contained in one volume of a gas depends 
only on {he temperature and not on the pressure. This also signifies that evapora- 
tion proceeds to the same extent in air as in a vacuum, or, in general terms (this is 
Dalton's law), vapours and gases diffuse into each other as if into a vacuum. In a given 
space, at a given temperature, a constant quantity of vapour enters, whatever be the 
pressure of the gas filling that space. 

From this it is clear that if the weight of the vapour contained in a given volume 

of a gas be known, it is easy to determine the degree of moisture r= — £ x _x 

t>x 00008 t 
278 + 1 
■ . On this is founded the very exact determination of the degree of moisture of 

sir by the weight of water contained in a given volume. It is easy to calculate from 
the preceding formula the number of grams of water contained at any pressure in one 
cubic metre or million cubic centimetres of air saturated with vapour at various tempera* 
tures ; for instance, at 80° /=81*5, hence p = 29*84 grams. 

The laws of Mariotte, Dal ton, and Gay-Lussac, which are here applied to gases an6 
vapours, are not entirely exact, but are approximately true. If they were quite exact, 
a mixture of several liquids, having a certain vapour pressure, would give vapours of a 
very high pressure, which is not the case. In fact the pressure of aqueous vapour is 
slightly less in a gas than in a vacuum, and the weight of aqueous vapour held in a gas 
is slightly less than it should be according to Dalton's law, as was shown by the experi- 
ments of Regnault and others. This means that the tension of the vapour is less in air 
•h&a in a vacuum. The difference does not, however, exceed 6 per cent, of the total 
pressure of the vapours. This decrement in vapour tension which occurs in the inter* 
mixture of vapours and gases, although small, indicates that there is then already, so to 
ih* * ^ eginnin 8 °* chemical change. The essence of the matter is that in this case 
ere occurs, as on contact (see preceding footnote), an alteration in the motions of the 
a ms m the molecules, and therefore also a change in the motion of the molecules 
wemselves. 

an »fbrm intermixture of air and other gases with aqueous vapour, and in the 

F*c» y of water to pass into vapour and form a uniform mixture with air, we may 

e an instance of a physical phenomenon which is analogous to chemical phe- 

. na » * orx ning indeed a transition from one class of phenomena to the other. Between 

air 'rT^ *** air tnore exi8ts ft kmd °' affinity which obli e e9 ^o water to saturate the 
the • 8UCn a nom ogeneous mixture is formed (almost) independently of the nature of 
•sacU* *k W ^ cn ev »poration takes place ; even in a vacuum the phenomenon occurs in 
ttUttoa t * * am0 Wfty at m * &"» and tnerefow '* is not the P 1,0 ^^ of the gaa, nor its 
to w **STi but the property of the water itself, which compels it to evaporate, and 
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M snow, tee, or in an intermediate form between these two, which 
is seen on mountains covered with perpetual snow. The water of 
rivers,' springs, oceans and seas, lakes, and wells contains various 

therefore in this cate chemical affinity is not yet operative — at least its action is not 
clearly pronounced. That it does, however, play a certain part is seen from the deviation 
from Dalton's law. 

* In falling through the atmosphere, water dissolves the gases of the atmosphere, 
nitric acid, ammonia, organic compounds, salts of sodium, magnesiam, and calcium, and 
mechanically washes out a mixture of dust and microbes which are suspended in the 
atmosphere. The amount of these and certain other constituents is very variable. Even 
in the beginning and end of the same rainfall a variation which is often very considerable 
may be remarked. Thus, for example, Bunsen found that rain collected at the beginning 
of a shower contained 37 grams of ammonia per cubic metre, whilst that collected at the 
end of the same shower contained only 0*04 gram. The water of the entire shower con- 
tained an average of 1*47 gram of ammonia per cubic metre. In the course of a year 
rain supplies an acre of ground with as much as 69 kilos ofaitrogen in a combined form. 
Marc hand found in one cubic metre of snow water 1608, and in one cubic metre of rain 
water 10*07, grams of sodium sulphate. Angus Smith showed that after a thirty hours* 
fall at Manchester the rain still contained 84*8 grams of salts per cubic metre. A con- 
siderable amount of organic matter, namely 26 grams per cubic metre, has been found 
in rain water. The total amount of solid matter in rain water re a che s 60 grams per 
cubic metre. Rain water generally contains very little carbonic acid, whilst river 
water contains a considerable quantity of it. In considering the nourishment of 
plants it is neoessary to keep in view the substances which are carried into the soil 
by rain. 

River water, which is accumulated from springs and sources fed by atmospheric 
water, contains from 60 to 1,600 parts by weight of salts in 1,000,000 parts. The amount 
of solid matter, per 1,000,000 parts by weight, contained in the chief rivers is as 
follows :— the Don 134, the Loire 186, the St. Lawrence 170, the Rhone 183, the Dnieper 
187, the Danube from 117 to 384, the Rhine from 168 to 817, the Seine from 190 to 483, 
the Thames at London from 400 to 460, in its upper parts 887, and in its lower parts np 
to 1,617, the Nile 1,680, the Jordan 1,063. The Neva is characterised by the remarkably 
small amount of solid matter it contains. From the investigations of Pro! G. K. Trapp, 
a cubic metre of Neva water contains 83 grams of incombustible and 88 grams of 
organic matter, or altogether about 66 grams. This is one of the purest waters which is 
known in rivers. The large amount of impurities in river water, and especially of organic 
impurity produced by pollution with putrid matter, makes the water of many rivers unfit 
tor use. 

The chief part of the soluble substances in river water consists of the calcium salts. 
100 parts of the solid residues contain the following amounts of calcium carbonate— 
from the water of the Loire 68, from the Thames about 60, the Elbe 66, the Vistula 66, 
the Danube 66, the Rhine from 56 to 76, the Seine 76, the Rhone from 83 to 94. The 
Neva contains 40 parts of calcium carbonate per 100 parte of saline matter. The con* 
eiderable amount of calcium carbonate which river water contains is very easily explained 
from the fact that water which contains carbonic acid in solution easily dissolves calcium 
carbonate, which occurs all over the earth. Besides calcium carbonate and sulphate, 
river water contains magnesium, silica, chlorine, sodium, potassium, aluminium, nitric acid, 
iron and manganese. The presence of salts of phosphoric acid has not yet been determined 
with exactitude for all rivers, but the presence of nitrates has been proved with certainty 
in almost all kinds of well-investigated river water. The quantity of calcium phosphate 
does not exceed 0*4 gram in the water of the Dnieper, and the Don does not contain more 
than 6 grama The water of the Seine contains about 15 grams of nitrates, and that of the 
Rhone about 8 grams. The amount of ammonia is much less ; thus in the water of the 
fihjne about 6 gram in June, and 0*3 gram in October ; the water of the Seine contains 
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substances in solution mostly salt,— that is, substanees reastDbTing 
common table salt in their physical properties and chief chemical 
transformations. Farther, the quantity and nature of these sales 
differ in different waters. 9 Everybody knows that there are safe, 

the tame amount This it lest then in rain water. Notwithstanding this iiniQiiifit— t 
quantity, the water of the Rhine alone, which is not to very large a river, earries 16\iiS 
Kilograms of ammonia into the ooeen-cvery day. The difference between the amount of 
ammonia in rain and rirer water depend! on the fact that the toil through which the 
rain water paatet it able to retain the ammonia. (Soil can alto abeorb many other tnb» 
Stance*, such at photphorio acid, potassium salts, &c) 

The waters of springs, rivers, wells, and in general of those localities from which it Is 
taken for drinking purposes, may be injurious to health if it contains much organic 
pollution, the more so as in such water the lower organisms (bacteria) may rapidly 
develop, and these organisms often scire as the carriers or causes of infectious diisatsa> 
For instance, certain pathogenic (di se a s s producing) bacteria are known to produce 
typhoid, the Siberian plague, and cholera. Thanks to the work of Pasteur, Metchnikos\ 
Koch, and many others, this province of research has made considerable progress. It it 
possible to investigate the number and properties of the germs in water. In bacterio- 
logical researches a gelatinous medium in which the germs can develop and multiply is 
prepared with gelatin and water, which has previously been heated several times, at 
Intervals, to 100° (U is thus rendered sterile— that is to say, all the germs in it are killed). 
The water to be investigated is added to this prepared medium in a definite and small 
quantity (sometimes diluted with sterilised water to facilitate the calculation of the 
number of germs), it is protected from dust (which contains germs), and is left at rest 
until whole families of lower organisms are developed from each germ. These families 
(colonies) are visible to the naked eye (as spots), they may be counted, and by examining 
them under the microscope and observing the number of organisms they produce, their 
significance may be determined. The majority of bacteria are harmless, but there are 
decidedly pathogenic bacteria, whose presence is one of the causes of malady and of the 
spread of certain diseases. The number of bacteria in one cubic centimetre of water 
sometimes attains the immense figures of hundreds of thousands and millions. Certain 
well, spring, and river waters contain very few bacteria, and are tree from disease- 
producing bacteria under ordinary circumstances. By boiling water, the bacteria in it 
are killed, but the organic matter necessary for their nourishment remains in the water. 
The best kinds of water for drinking purposes do not contain more than 800 bacteria in 
a cubic centimetre. 

The amount of gases dissolved in river water is much more constant than that of its 
solid constituents. One litre, or 1,000 c.c, of water contains 40 to 55 c.c. of gas measured 
at normal temperature and pressure. In winter the amount of gas is greater than in 
summer or autumn. Assuming that a litre contains 50 o.c. of gases, it may be admitted 
that these consist, on an average, of 30 vols, of nitrogen, 30 vols of carbonic anhydride 
(proceeding in all likelihood from the soil and not from the atmosphere), and of 10 vols, 
of oxygen. If the total amount of gases be less, the constituent gases are still in about 
the same proportion ; in many cases, however, carbonic anhydride predominates. The 
water of many deep and rapid rivers contains less carbonic anhydride, which shows their 
rapid formation from atmospheric water, and that they have not succeeded, during a long 
and slow course, in absorbing a greater quantity of carbonic anhydride. Thus, for 
instance, the water of the Rhine, near Strasburg, according to Deville, contains 8 cc. 
of carbonic anhydride, 10 c.c. of nitrogen, and 7 c.c of oxygen per litre. From the 
researches of Prof. M. R. Kapoustin and his pupils, it appears that in determining the 
quality of a water for drinking purposes, it is most important to investigate the composi* 
tion of the dissolved gases, more especially oxygen. 

3 Spring water is formed from rain water percolating through the soiL Naturally a 
part of the rain water is evaporated directly from the surface of the earth and from the 
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freeh, iron, and other waters. The preaenoe of about 3} per cent. 

vegetation on it It hie been shown that out of 100 parte of water Calling on the earth 
only 80 parts flow to the ocean ; the remaining 64 are evaporated, or percolate far under* 
ground. After flowing underground along some impervious strata, water comes out at 
the surface in many places as springs, whose temperature is determined by the depth 
from which the water has flowed. 8prings penetrating to a great depth may become 
eonsiderably heated, and this is why hot mineral springs, with a temperature of op to 
•0° and higher, are often met with. When a npring water contains substances which 
endow it with a peculiar taste, and especially if these substances are such as are only 
found in minute quantities in river and other flowing waters, then the spring water is 
termed a mineral water. Many such waters are employed for medicinal purposes, 
mineral waters are classed according to their composition into— {a) saline waters, which 
often contain a large amount of common salt; (6) alkaline waters, which contain sodium 
carbonate ; (c) bitter waters, which contain magnesia; (d) chalybeate waters, which hold 
iron carbonate in solution ; (e) aerated waters, which are rich in carbonic anhydride; 
(/) sulphuretted waters, which contain hydrogen sulphide. Sulphuretted waters maybe 
recognised by their smell of rotten eggs, and by their giving a black precipitate with lead 
salts, and also by their tarnishing silver objects. Aerated waters, which contain an 
excess of carbonic anhydride, effervesce in the air, have a sharp taste, and redden litmus 
paper. Saline waters leave a large residue of soluble solid matter on evaporation, and 
have a salt taste. Chalybeate waters have an inky taste, and are coloured black by an 
infusion of galls ; on being exposed to the air they usually give a brown precipitate. 
Generally, the character of mineral waters is mixed. In the table below the analyses 
are given of certain mineral springs which are valued for their medicinal properties. 
The quantity of the substanoss is expressed in millionths by weight 



I. 

n. 
m. 
iv. 

v. 

VI. 
VII. 

vm. 

IX 
X. 

XI. 



L998 
816 

1,085 
843 

8,408 
888 
808 

1,726 
581 



866 

1,430 
8,783 
15,049 
8,145 
1,036 
9,480 
8,040 
858 

910 
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169 
1,889 
1,105 
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1,160 
879 
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1,861 
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84 
48 

90 
14 
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8,813 

aluminium sulphates; 
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17 
1 

4 
86 
80 

7 

1,020 
1,660 



857 

187 
361 
1,587 
860 
178 
808 
809 
45 
940 



159 
46 
66 
113 
399 
11 
75 
40 
50 
45 



it 



1,300 
1.485 
1,336 

9.883 

90 



9,740 
2,268 

9,650 
330 



n 

if 



3.608 
9,819 
8,950 
7.950 

90.990 
3,970 
6,451 

11.790 
4,070 
5,031 

(Sulphuric 
and hydro- 
chloric '" 



I. Sergieffaky, a sulphur water, Gov. of Samara (temp. 8° C), analysis by Clause. 
II. Gele*znovodskya water source No. 10, near Patigorak, Caucasus (temp. 22*5°), analysis 
by Fritzsche. III. Alekaandroffsky, alkaline-sulphur source, Patigorak (temp. 46'6°)» 
average of analyses by Herman, Zinin and Fritzsche. IV Bougountouksky, alkaline 
source, No. 17, Esaentoukah, Caucasus (temp. 21*6°), analysis by Fritzsche. V. Saline 
water, Staro-Russi, Gov. of Novgorod, analysis by Nelubin. VI. Wster from artesian 
well at the factory of state papers, St Petersburg, analysis by Strove. VIL Sprlidel, 
Carlsbad (temp. 88*7°), analysis by Berzelius. VIII. Kreuznach spring (Elisenquelle), 
Prussia (temp. 8*8°), analysis by Bauer. DC. Eau de Seltz, Nassau, analysis by Henry. 
X. Vichy water, France, analysis by Berthier and Puvy. XL Paramo de Ruis, Ns# 
Granada, analysis by Levy ; it is distinguished by the amount of free acids. 
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of salts renders sea- water 4 bitter to the taste and increases its specific 
gravity. Fresh water also coutaius salts, but only in a compara- 
tively small quantity. Their presence may be easily proved by simply 
evaporating water in a vessel. On evaporation the water passes 
away as vapour, whilst the salts are left behind. This is why a crust 
(incrustation), consisting of salts, previously in solution, is deposited on 
the insides of kettles or boilers, and other vessels in which water is 
boiled. Running water (rivers, &c.) is charged with salts, owing to its 
being formed from the collection of rain water percolating through the 
soil While percolating, the water dissolves certain parts of the soil. 
Thus water which filters or passes through saline or calcareous soils 
becomes charged with salts or contains calcium carbonate (chalk). 
Rain water and snow are much purer than river or spring water 
Nevertheless, in passing through the atmosphere, rain and snow succeed 
in catching the dust held in it, and dissolve air, which is found in every 
water. The dissolved gases of the atmosphere are partly, disengaged, 
as bubbles from water on heating, and water after long boiling is quite 
freed from them. 

In general terms water is called pure when it is clear and free from 
insoluble particles held in suspension and visible to the naked eye, from 

« 8ea water contains more non-volatile saline constituents than the usual kinds of 
freth water. This is explained by the fact that the waters flowing into the sea supply 
it with salts, and whilst a large quantity of vapour is given off from the surface of the 
sea, the salts remain behind. Even the specific gravity of sea water differs considerably 
from that of pure water. It is generally about 1*09, but in this and also in respect of 
the amount of salts oontained, samples of sea water from different localities and from 
different depths offer rather remarkable variations. It will be sufficient to point out 
that one cubic metre of water from the undermentioned localities contains the following 
quantity in grams of solid constitutents :— Gulf of Venice, 10,122 ; Leghorn Harbour 
24,819; Mediterranean, near Cette, 87,666 ; the Atlantic Ooean from 82,586 to 86,605, the 
Pacific Ooean from 85,288 to 84,706. In cl osed seas which «do not communicate, or are 
in very distant communication, with the ocean, the difference is often still greater. Thus 
She Caspian Sea contains 6\800 grams ; the Black Sea and Baltic 17,700. Common salt 
forms the chief constituent of the saline matter of sea or ooean water ; thus in one cubio 
metre of sea water there are 26,000-81,000 grams of common salt, 2,600-6,000 grams of 
magnesium chloride, 1,200-7,000 grams of magnesium sulphate, 1,500-6,000 grams of 
oaloinm sulphate, and 10-700 grams of potassium chloride. The small amount of organic 
matter and of the salts of phosphorio acid in sea water is very remarkable. 8ea water 
<the composition of which is partially discussed in Chapter X.) contains, in addition to 
salts of common occurrence, a oertain and sometimes minute amount of the most varied 
elements, even gold and silver, and as the mass of water of the oceans is so enormous 
these ' traces ' of rare eubstanoes amount to large quantities, so that it may be hoped that 
in time methods will be found Ito extract even gold from sea water, which by means of the 
fivers forms a vast reservoir fox the numerous products of the changes taking place on 
the earth's surface. The wo&s of English, American, German, Russian, Swedish, and 
other navigators and observers prove that a study of the composition of sea water not 
only explains much in the history of the earth's life, but also gives the possibility (espe- 
cially since the researches of ci O. Makaroff of the 8t. Petersburg Academy) of fixing one's 
position in the ocean in the absence of other means,for instance, in a fog, or in the dark. 
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which it may be freed by filtration through charcoal, sand, or porous 
(natural or artificial) stones, and when it possesses a clean fresh taste. 
It depends on the absence of any taste, decomposing organic matter, 
on the quantity of air 6 and atmospheric gases in solution, and on the 
presence of mineral substances to the amount of about 300 grams per 
ton (or 1000 kilograms per cubic metre, or, what is the same, 300 
milligrams to a kilogram or a litre of water), and of not more than 
100 grams of organic matter. 6 Such water is suitable for drinking and 

* The tote of water is greatly dependent on the quantity of disaolvod gases it eon* 
tains. These gases are given off on boiling, and it is well known that, even when cooled, 
boiled water has, until it has absorbed gaseous substances from the atmosphere, quite a 
different taste from fresh water containing a considerable amount of gas. The dissolved 
gases, especially oxygen and carbonio anhydride, hare an important influence on the 
health. The following instance is very instructive in this respect. The Grenelle artesian 
well at Paris, when first opened, supplied a water which had an injurious effect on men 
and animals. It appeared that this water did not contain oxygen, and was in genera) 
very poor in gases. As soon aSitwas made to fall in a cascade, by which it absorbed air, 
it proved quite fit for consumption. In long sea voyages fresh water is sometimes not 
taken at all, or only taken in a small quantity, because it spoils by keeping, and becomes 
putrid from the organio matter it contains undergoing decomposition. Fresh water may 
be obtained directly from sea- water by distillation. The distilled water no longer contains 
sea salts, and is therefore fit for consumption, but it is very tasteless and has the pro- 
perties of boiled water. In order to render it palatable certain salts, which are usually held 
in fresh water, are added to it, and it is made to flow in thin streams exposed to the air 
in order that it may become saturated with the component parts of the atmosphere— 
that is, absorb gases. 

* Bard water is such as contains much mineral matter, and especially a large pro> 
portion of calcium salts. Such water, owing to the amount of lime it contains, does not 
form a lather with soap, prevents vegetables boiled in it from softening properly, and 
forms a large amount of incrustation on vessels in which it is boiled. When of a high 
degree of hardness, it is injurious for drinking purposes, which is evident from the fact 
that in several large cities the death-rate has been found to decrease after introducing a 
soft water in the place of a hard water. Putrid footer contains a considerable quantity 
of decomposing organic matter, chiefly vegetable, but in populated districts, especially in 
towns, chiefly animal remains. 8nch water acquires an unpleasant smell and taste, by 
which stagnant bog water and the water of certain wells in inhabited districts are par- 
ticularly characterised. Water of this kind is especially injurious at a period of epidemic. 
It may be partially purified by being passed through charcoal, which retains the putrid 
and certain organio substances, and also certain mineral substances. Turbid water may 
be purified to a certain extent by the addition of alum, which aids, after standing some 
time, the formation of a sediment. Condy's fluid (potassium permanganate) is another 
means of purifying putrid water. A solution of this substance, even if very dilute, is of 
a red colour ; on adding it to a putrid water, the permanganate oxidises and destroys the 
organic matter. When added to water in such a quantity as to impart to it an almost 
imperceptible rose colour it destroys much of the organic substances it contains. It is 
especially salutary to add a small quantity of Condy's fluid to impure water in times of 
epidemic 

The presence in water of one gram per litre, or 1,000 grams per cubic metre, of any 
cubstance whatsoever, renders it unfit and even injurious for consumption by snimals. 
and this whether organic or mineral matter predominates. The presence of 1 pie, of 
flMftriflM makes water quite salt, and produces thirst instead of assuaging it. The 
presence of magnesium salts is most unpleasant; they hate a disagreeable bitter teste. 
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every practical Application, but evidently it is not pure in a chemical 
sense. A chemically pure water is necessary not only for scientific 
purposes, as an independent substance having constant and definite 
properties, but also for many practical purposes — for instanoe, in photo- 
graphy and in the preparation of medicines — because many properties 
of substances iu solution are changed by the impurities of natural 
waters. Water is usually purified by distillation, because the solid 
substances in solution are not transformed into vapours in this process. 
Such distilled water is prepared by chemists and in laboratories by 
boiling water in closed metallic boilers or stills, and causing the steam 
produced to pass into a condenser — that is, through tubes (which should 
be made of tin, or, at all events, tinned, as water and its impurities 
do not act on tin) surrounded by cold water, and in which the steam, 
being cooled, condenses into water which is collected 7 in a receiver. 
By standing exposed to the atmosphere, however, the water in time 
absorbs air, and dust carried in the air. Nevertheless, in distillation, 
water retains, betides air, a certain quantity of volatile impurities 
(especially organic) and the walls of the distillation apparatus are partly 

and, in fact, impart to sea water its peculiar taste. A large amount of nitrates is only 
found in impure water, and is usually injurious, as they may indicate the presence of 
decomposing organic matter. 

7 Distilled water may be prepared, or distillation in general carried on, either in a 
metal still with worm oondenaer (fig. 4) or on a small scale in the laboratory in a glass 




ftO. 4.— Distillation by mesns of a metallio stllL The liquid in C is heated by the Are P. Th# 
rapours rise through the head A and pees by the tube T to the worm S placed In a reesel B» 
through which a current of cold water flows by means of the tubes D and P. 
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corroded by the water, and a portion, although small, of their substance 
renders the water not entirely pure, and a residue is left on evaporation. 8 
For certain physical and chemical researches, however, it is necessary 
to have perfectly pure water. To obtain it, a solution of potassium 
permanganate is added to distilled water until the whole is a light rose 
colour By this means the organic matter in the water is destroyed 
(converted into gases or non- volatile substances). An excess of potas- 
sium permanganate does no harm, because in the next distillation it is 
left behind in the distillation apparatus. The second distillation should 
take place in a platinum retort with a platinum receiver. Platinum is 
a metal which is not acted on either by air or water, and therefore 
nothing passes from it into the water. The water obtained in the 
receiver still contains air. It must then be boiled for a long time, and 
afterwards cooled in a vacuum under the receiver of an air pump. Pure 
water does not leave any residue on evaporation ; does not in the least 
change, however long it be kept ; does not decompose like water only 

retort (fig. 6) heated by a lamp. Fig. 6 illustrates the main parts of the usual glass 
laboratory apparatus used for distillation. The steam issuing from the retort (on the 




Wto. 5.— Distillation from s glass retort. The neok of the retort fits into the loner tube of the 
Llebig's condenser. The specs between the inner and ooser tube of the condenser I* filled with 
cold water, which enters by the tab* g and flows oat at/. 

tight-hand side) passes through a glass tube surrounded by a larger tube, through which 
a stream of cold water passes, by which the steam is condensed and runs into a receirer 
(on the left-hand side). 

* One of Lavoisier's first memoirs (1770) referred to this question. He investigated 
the formation of the earthy residue in the distillation of water in order to prove whether 
ft was possible, as was affirmed, to convert water into earth, and he found that the 
residue was produced by the action of water on the sides of the vessel containing it, and 
oot from the water itself. He proved this to be the ease by direct weighing. 



Digitized by 



Google 



6Q 



PRINCIPLES* OF CHEMISTRY 



once distilled or impure ; and it docs not give tabbies of gas on heating, 
nor does it change the colour of a solution of potassium permanganate. 
Water, purified as above described, has constant physical and 
chemical properties. For instance, it is of such water only that one 
cubic centimetre weighs one gram at 4° C.—».<j. it is only such pure 
water whose specific gravity equals I at 4° C. 9 Water in a solid state 



• Taking the generally- accepted specific gravity of water at its greatest density-^'.* 
at 4° as one— it has been shown by experiment that the specific gravity of water at different 
temperatoxt s is as follows ; 



At 0° 


. 099987 


at 


30° 


099674 


„ + 10° 


. 099974 


1* 


40° 


. 099233 


. "° • 


. 0-99915 


„ 


60° 


. 0-98817 


„ 20° . 


. 099827 


n 


100° 


096860 



A comparison of all the data at present known show* that the variation of the 
specific gravity St with the temperature t (determined by the mercurial thermometer) 
may be expressed (Mendele'eff 1891) by the formula 

it - 4)> 



8i-l- 



(94:1 + 0(703-61 -<)!•• 
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(St 4° = 1,000,000) 
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999,873 


4-65 


4-60 


1,000,127 
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999,788 
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>47 


1,000,262 
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998,272 


-203 


4-45 


1,001,781 
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995,743 


-209 
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1,004,270 
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988,174 


-450 


4 40 


1,011,967 
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977,948 


-669 
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1,021,549 
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965,537 
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4-41 


1,036,692 


100 


95ft 695 


-718 


4 42 


J ,048, 194 


1*20 


943,314 


-810 


4 48 


1,060,093 


1H0 


907,263 


-995 


+ 55 


1,102,216 


200 


«tV8,473 


-1,200 


+ 73 


1,158,114 



If the temperatuie be determined by the hydrogen thermometer, whose indications 
between 0° and 100 are slightly lower than the mercurial (for example, about 0*1° Cat 
20°), then a slightly smaller sp. gr. will be obtained for a given t. Thus Chappuis (1892) 
obtained 0998233 for 20°. Water at 4° is taken as the basis for reducing measures of 
length to measures of weight and volume. The metric, decimal, system of measures of 
weights and volumes is generally employed in science. The starting point of this system 
is the metre (39*87 inches) divided into decimetres ( «=0'1 metre), centimetres ( = 01 metre), 
millimetres ( = 0001 nietro), and micrometres (<= one millionth of a metre) A cubio 
decimetre is called a litre, and is used for the measurement of volumes. The weight of 
a litre of waer at 4° in a vacuum is called a kilogram. One thousandth part of a kilo- 
gram of water weighs one grain. It is divided into decigrams, centigrams, and milli- 
grams ( = 001 gram). An English pound equals 453 59 grams. The great advantage of 
this system is that it is a decimal one, and that it is universally adopted in science and in 
most international relations. All the measures cited in this wcrk are metrical. The 
units most often used in science are : — Of length, the centimetre ; of weight, the gram ; 
of time, the second;' of temperature, the degree Celsius or Centigrade. According to 
the most trustworthy determinations (Knpfer in Russia 1841, and Chaney in England 
1892), the weight of a c. dcra. of water at 4" in vacuo is about 999 9 grins. For ordinary 
purposes the weight of a c dcg. may be taken as equal to a kg. Hence the litre (deter* 
mined by the weight of water it holds) is slightly greater than a cubic decimetre. 
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fofm8 crystals of the hexagonal system 10 which are seen in snow, which 

19 As solid substances appear in independent, regular, crystalline forms which are 
dependent, judging from their clearage or lamination (in virtue of which mica breaks 




Flo. •.— Example of the form belong! ag to tilt 
regular system. Combination uf au ootshe Iron 
and a cube. The former predominates. Alum* 
fluor spar, suboxide of copper, and others* 




Fife f*— thombio Dodecahedron of the regular 
system. Garnet, 



// 


/ * V 




j 


! 






FlQ. a— Hexagonal prism terminated by hexsgoual 
pyramids. Quarts, 6c. 



Fio. t,— Rbombobedron. Calo spar. *e. 





Fio. 10.— Rhombic system. 
Desmine. 



Fio. 1L— Trlclinic pyramid. 




Fio. 12.— Trlclinic system. 
Albite,&c 



op into laminae, and Iceland spar, &c, into pieces bounded by faces inclined to each other 
at angles which are definite for each substance), on an inequality of attraction (cohesion, 
hardness) in different directions jrbich intersect at definite angles the determination o( 
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generally consists of star-like clusters of several crystals, and also in 
the half-melted scattered ice floating on rivers in spring time. At 
this time of the year the ice splits up into spars or prisms, bounded by 
angles proper to substances crystallising in the hexagonal system 

The temperatures at which water passes from one state to another 
are taken as fixed points on the thermometer scale ; namely, the zero 
corresponds with the temperature of melting ice, and the temperature 
of the steam disengaged from water boiling at the normal barometric 
pressure (that is 760 millimetres measured at 0°, at the latitude of 45°, 
at the sea level) is taken as 100° of the Celsius scale. Thus, the fact 
that water liquefies at 0° and Wils at 100° is taken as one of its 
properties as a definite chemical compound. The weight of a litre of 
water at 4° is 1,000 grams, at 0° it is 999-8 grams. The weight of a 
litre of ice at 0° is less — namely, 917 giams ; the weight of the same 
cubic measure of water vapour at 760 ram. pressure and 100' is only 
0*60 gram ; the density of the vajx>ur compared with air = 062, and 
compared with hydrogen = 9. 

These data briefly characterise the physical properties of water as 
a separate substance. Tp this may be added that water is a mobile 
liquid, colourless, transparent, without taste or smoll, Ac. Its latent 
heat of vnporisation is 534 units, of liquefaction 79 units of heat. 11 
The large amount of heat stored up in water vapour and also in 

crystalline form therefore affords one of the most important characteristics for identifying 
definite chemical compounds. The elements of crystallography which comprise a special 
scionce should therefore be familiar to all who desire to work in scientific chemistry. In 
this work we shall only have occasion to speak of a few crystalline forms, some of which 
are shown in figs. 6 to 12. 

11 Of all known liquids, water exhibits the greatest cohesion of particles. Indeed, it 
sscends to a greater height in capillary tabes than other liquids ; for instance, two and a 
half times as high as alcohol, nearly three times as high as ether, and to a much greater 
height than oil of vitriol, &c. In a tube one mm. in diameter, water at 0° ascends 16 8 mm, 
measuring from the height of the liquid to two-thirds of the height of the meniscus, and 
at 100° it rises 12*6 mm. The cohesion varies very uniformly with the temperature ; thus 
at 60° the height of the capillary column equals 13 9 mm.— that is, the mean between the 
columns at C and 100°. This uniformity is not destroyed even at temperatures near 
the freezing point, and hence it may be assumed that at high temperatures cohesion wiU 
vary as uniformly as at ordinary temperatures ; that is, the difference between the columns 
at 0° and 100° being 28 mm., the height of the column at 500° should be 152- (5 * 9*8) - 
12 mm. , cr, in other words, at these high temperatures the cohesion between the particles 
of water would be almost nil. Only certain solutions (sal ammoniac and lithium chlo- 
ride), and these only with a great excess of water, rise higher than pure water in 
capillary tubes. The groit cohesion of water doubtless determines many of both its 
physical and chemical properties. 

The quantity of heat required to raise thb temperature of one part by weight of water 
from 0° to 1°, i.e. by 1° C., is called the vnit of heat or calorie; the specific heat of 
liquid water at 0° is taken ss equal to unity. The variation of this specific heat with a 
rise in temperature is inconsiderable in comparison with the variation exhibited by the 
speeifio heate of other liquids. According to Ettinger, the specific heat of water at 90* 
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liquid water (for its specific heat is greater than that of other liquids) 

renders it available in both forms for heating purposes. The chemical 

• 1*016, ttW°- 1 089, end at 100° - 1*078. The specific heat of water is greater than 
that of any other known liquid; for example, the specific beat of alcohol at 0° is 0*56— 
le. the quantity of heat which raises 65 parts of water 1° raises 100 parts of alcohol 1°. 
The specific heat of oil of turpentine at 0° is 0*41, of ether 0*58, of acetic acid 0*5974, of 
mercury 0*088. Hence water is the best con dens e r or absorber of heat. This property 
of water has an important significance in practice and in nature. Water prevents rapid 
cooling or heating, and thus tempers cold and heat The specific heats of toe and 
aqueous vapour are much leas than that of water ; namely, that of ice is 0504, and 
of steam 0*48. 

With an in cr ease in pressure equal to one atmosphere, the compressibility of water 
($ee Note 9) is 0-000047, of mercury 0*00000852, of ether 0-00013 at 0°, of alcohol at l8° 
000095. Tbe addition of various substances to water generally decreases both its 
compressibility and cohesion. The compressibility of other liquids increases with a rise 
of temperature, but for water it decreases up to 68° and then increases like other liquids 

The expansion of water by heat (Note 9) also exhibits many peculiarities which are 
not found in other liquids. The expansion of water at low temperatures is very small 
compared with other liquids ; at 4° it is almost aero, and at 100° it is equal to 0008; 
below 4 * it is negative — i.e. water on cooling then expends, and does not decrease in 
volume. In passing into a solid state, tbe specific gravity of water decreases ; at 0° one 
ex. of water weigh b 0*999887 gram, end one cc. of ice at the same temperature weighs 
only 0*9175 gram. The tee formed, however, contracts on cooling like the majority of 
other substancea Thus 100 volumes of ice are produced from 92 volumes of watsr— thai 
is, water expands considerably on freezing, which fact determines a number of natural 
phenomena. The freezing point of water falls with an increase in pressure (0*007° per 
atmosphere), because in freezing water expands (Thomson), whilst with substances which 
contract in solidifying the melting point rises with an increase in pressure ; thus, paraffin 
under one atmosphere melts at 46°, and under 100 atmospheres at 49° 

When liquid water passes into vapour, the cohesion of its particles must be destroyed, 
as the particles are removed to such a distance from each other that their mutual 
attraction no longer exhibits any influence. As the cohesion of aqueous particles varies 
at different temperatures, the quantity of heat which is expended in overcoming this 
cohesion— or the latent heat of evaporation — will for this reason alolie be different at 
different temperatures. The quantity of heat which is consumed in the transformation 
of one part by weight of water, at different temperatures, into vapour was determined by 
RegnauH with great accuracy. His researches showed that one part by weight of water 
at 0°, in passing into vapour having a temperature t°, consumes 6065 + 0*305* units of 
heat, at 50° 621*7, at 100° 687 0, at 150° 652*2, and at 200° 667 5. But this quantity 
includes also the quantity of heat required for heating the water from 0° to t°—i.e. 
besides the latent heat of evaporation, also that heat which is used in heating the water 
in a liquid state to a temperature t*. On deducting this amount of heat, we obtain the 
latent heat of evaporation of water as 606*5 at 0°, 571 at 60°, 634 at 100°, 494 at 150°, and 
only 453 at 200°, which shows that the conversion of water at different temperatures into 
vapour at a constant temperature requires very different quantities of heat. This is 
chiefly dependent on the difference of the cohesion of water at different temperatures ; 
the cohesion is greater at low than at high temperatures, and therefore at low tem- 
peratures a greater quantity of heat is required to overcome the cohesion. On comparing 
these quantities of heat, it will be observed that they decrease rather uniformly/ namely 
their difference between 0° and 100° is 72, and between 100° and 200° is 81 units of heat. 
From this we may conclude that this variation will be approximately the same for high 
temperatures also, and therefore that no heat would be required for the conversion 
of water into vapour at a temperature of about 400 . At this temperature, water 
passes into vapour whatever be the pressure (see Chap. IX The absolute boiling point 
«I water, according to Dewar, is 370°, the critical pressure 196 atmospheres). It must 



Digitized by 



Google 



61 



PRINCIPLES OP CHEMISTRY 



reactions which water undergoes, and by means of whioh it is formed, 
are so numerous, and so cloaeJy allied to the reactions of many other 

here be remarked that tracer, in presenting a greater cohesion, requires a larger quantity 
of heat for its conrersiOD into vapour than other liquids. Thus alcohol consumes 90S* 
ether 90, turpentine 70, units of heat in their conversion into, vapour 

The whole amount of heat which is consumed in the conversion of water into vapour 
Is not used in overcoming the cohesion — that is, in internal work aoomplished in the 
liquid. A part of this heat is employed in moving the aqueous particles; in fact, 
aqueous vapour at 100° occupies a volume 1,653 times greater than that of water (at the 
ordinary pressure), consequently a portion of tbe heat or work is employed in lifting the 
aqueous particles, in overcoming pressure, or in external work, which may be usefully 
employed, and which is bo employed in steam engines. In order to determine this work, 
let us consider the variation of the maximum pretture or vapour tmtion of tteam at 
different temperatures. The observations of Rejnault in Una respect, as on those pre- 
ceding, deserve special attention from their comprehensiveness and accuracy. The 
pressure or tension of aqueous vapour at various temperatures is given in the adjoining 
table, and is expressed in millimetres o? the barometric column reduced to 0° 



Temperature 


Tvos'oo 


Temperature 


Tension 


-80° 


0*9 


70° 


28SS 


-10° 


21 


00° 


5264 


0° 


46 


100° 


7000 


+ 10° 


01 


105° 


9064 


]&• 


12-7 


110° 


1076-4 


80° 


17*4 


115° 


1269-4 


25° 


235 


120° 


14011 


80° 


815 


150° 


86810 


50° 


920 


200° 


116890 



The table shows the boiling points of water at different pressures. Thus on the 
summit of Mont Blanc, where the average pressure is about 424 mm., water boils at 
81*4 '. In a rarefied atmosphere water boils even at the ordinary temperature, but im 
evaporating it absorbs heat from the neighbouring parts, and therefore it becomes cold 
and may even freeze if the pressure doeB not exceed 4 mm, and especially if the vapour 
be rapidly absorbed as it is formed. Oil of vitriol, which sbsorbe the aqueous vapour, ia 
osei for this purpose. Thus ice may be obtained artificially at the ordinary temperature) 
with the aid of an air-pump. This table of the tension of aqueous vapour also shows the 
temperature of water contained in a closed boiler if the pressure of the steam formed be 
known. Thus at a pressure of five atmospheres (a pressure of five times the ordinary 
atmospheric pressure — i.e. fix 760 « 8.800 mm.) the temperature of the water would be 
162 3 . The table also shows the pressure produced on a given surface by steam on issuing 
from a boilor. Thus steam having a temperature of 152° exerts a pressure of 617 kilos 
on a piston whos* surface equals 100 sq. cm., for the pressure of one atmosphere on one 
eq. cm. equals 1,033 kilos, and steam at 152 3 has a pressure of five atmospheres. As 
a columu of mercury 1 nun. high exerts a pressure of 1 85939 grams on a surface of 
1 sq. cm., therefore the pressure of aqueous vspour at 0° corresponds with a pressure of 
©•25 grams per square centimetre. The pressures for all temperatures msy be calculated 
in a similar way, and it will be found that at 100° it is equal to 1,033 28 grama Thia 
means that if a cylinder be taken whose sectional area equals 1 sq. cm., and if water be 
poured into it and it be closed by a piston weighing 1,033 gTams, then on heating it in a 
vacuum to 100° no steam will be formed, because the steam cannot overcome the pres- 
sure of the piston ; and if at 100° 684 units of heat be transmitted to each unit of weight 
of water, then the whole of the water will be converted into vapour having the same 
temperature ; and so also for every other temperature. The question now arises, To 
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•utat&nces, that it is impossible to describe the majority of them at 
this early stage of chemical exposition. We shall become acquainted 

whet height does the piston rise trader these circumstances ? that is.in other words, Whsi 
is the volume occupied by the steam under a known pressure ? For this we matt know 
the weight of s> cubic centimetre of steam at various temperatures. It has been shown 
by experiment that the density of steam* which does not saturate a space, varies very 
inconsiderably at all possible pressur es, and is nine times the density of hydrogen under 
similar conditions. 8team which saturates a space varies in density at different tenv 
pscasnres, bat this difference is very small, and its average density with reference to ait 
It 0*61 We will employ this number in our calculation, and will calculate what volume 
the steam occupies at 100° One cubio centimetre of air at 0° and 760 mm. weighs 

0*001998 gram, at 100° and under the same pre ssu re it will weigh /*' ^ or about 

l'Sco 

0*000946 gram, and consequently one onbio centimetre of steam whose density is 0*64 
trill weigh 0*000606 gram at 100°, and therefore one gram of aqueous vapour wfll occupy 
a volume of about 1,668 cc. C on se quent ly, the piston in the cylinder of 1 sq. cm. sec* 
tioual area, and in which the water occupied a height of 1 cm, will be raised 1,658 cm 
on the conversion of this water into steam This piston, as has been mentioned, weighs 
1,068 grams, therefore the emisrnal work of the #*eom— that is, that work which the 
water does in its conversion into steam at 100 '— is equal to lifting a piston weighing 
1,088 grams to a height of 1*668 cm, or 17*07 kilogram-metres of work— «>. is capable of 
lifting 17 kilograms l metre, or 1 kilogram 17 metres. One gram of water requires for 
its conversion into steam 684 gram units of heat or 0*684 kilogram unit of heat— i'.tf. the 
quantity of heat absorbed m the evaporation of one gram of water is equal to the quan- 
tity of heat which is capable of heating 1 kilogram of water 0*664°. Each unit of heat> 
as has been shown by accurate experiment, is capable of doing 484 kilcgrem-metres of 
work. Hence, in evaporating, one gram of water expend* 484 * 0*684 » (almost) 837 
kilogram-metres of work. The external work was found to be only 17 kilogram-metre^ 
therefore 810 kilogrammetree are expended in overcoming the internal cohesion of the 
aqueous particles, and consequently about 98 p. c. of the total heat or work is consume*! 
in overcoming the internal cohesion. The following figures are thus calculated approxi* 
metery:— 



Ttoipeisture 


Total work of 

SVSQUtStlOJJ fo 

kllograuvnetret 


Bxtemsl work of 

vapour in 
Mlogvan-BMtres 


Internal 
work of vapour 


0° 
60° 
100° 
160° 
800° 


866 
849 

886 
808 
188 


18 
16 

17 

ltf 
80 


848 
887 
800 
180 
178 



The work necessary for overcoming the internal cohesion of water in its passage into 
vapour decreases with the rise in temperature--tbat is, corresponds with the decrease Of 
cohesion ; and, in tact, the variations which take place in this case are very similar fo 
those which are observed in the heights to which water tiees in capillary tubes St 
different temperatures. It is evident, therefore, that the amount of exteruaU-er, as it if 
termed, useful— work which water can supply by its evaporation is very small compereff 
frith the amount which it expends in its conversion into vapour. 

In considering certain phytico-mechanical properties of water, I had in view not only 
their importance for theory and practice, but also their purely chemical significance t to 
It to evident from the above considerations that even in a physics! dienge of state to* 
greatest part of the work done is employed in overcoming cohesion, and that an cost 
moot amount of Internal energy must be expended to overcoming ohemioel c4heck*ot 
sJfinivy. 
*4 
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with many of them afterwards, but at present we shall only cite certain 
compounds formed by water. In order to see clearly the nature of 
the various kinds of compounds formed by water we will begin with 
the most feeble, which are determined by purely mechanical superficial 
properties of the reacting substances. 1 * 

Water is mechanically attracted by many substances ; it adheres to 
their surfaces just as dust adheres to objects^ or ouo piece of polished 
glass adheres to another. Such attraction is termed ' moistening, 1 ' soak- 
ing, 1 or ' absorption of water/ Thus water moistens clean glass and 
adheres to its surface, is absorbed by the soil, sand, and clay, and does 
not flow away from them, but lodges itself between their particles. 
Similarly, water soaks into a sponge, cloth, hair, or paper, Ac, but fat 
and greasy substances in general are not moistened. Attraction of 
this kind does not alter the physical or chemical properties of water. 
For instance, under these circumstances water, as is known from every- 
day experience, may be expelled from objects by drying. Water which 
is in any way held mechanically may be dislodged by mechanical 
means, by friction, pressure, centrifugal force, Ac. Thus water it 
squeezed from wet cloth by pressure or centrifugal machines. But 
objects which in practice are called dry (because they do not feel wet) 
often still contain moisture, as may be proved by heating the object 
in a glass tube closed at one end. By placing a piece of paper, dry 
earth, or any similar object (especially porous substances) in such a 
glass tube, and heating that part of the tube where the object is situa- 
ted, it will be remarked that water condenses on the cooler portions of 
the tube. The presence of such absoi bed, or « hygroscopic, 1 water is 
generally best detected in non-volatile substances by drying them at 
100°, or under the receiver of an air-pump and over substances which 

19 When it is necessary to heat a considerable mass of liquid in different vessels, it 
would be very uneconomical to make use of metallic vessels and to construct a asperate 
furnace for each ; such cases are continually met with in practice. Steam from a boiler 
is introduced into the liquid, or, in general, into the vessel which it is required to heat. 
The steam, in condensing and passing into a liquid state, parts with its latent heat, and 
as this is very considerable a small quantity of steam will produce a considerable heating 
effect If it be required, for instance, to heat 1,000 kilos of water from 80° to 60°, which 
requires approximately 80,000 units of heat, steam at 100° is passed into the water 
from a boiler. Each kilogram of water at W contains about 50 units of heat, and each 
kilogram of steam at 100° contains 087 units of heat ; therefore, each kilogram of steam 
in cooling to 50° gives up 687 units of heat, and consequently 52 kilos of steam are 
capable of heating 1,000 kilos of water from 20° to 50°. Water is very often applied for 
heating in chemical practice. For this purpose metallic vessels or pans, called * water- 
baths,' are made use of. They are closed by a cover formed of concentrio rings lying on 
each other. The vessels— such as beakers, evaporating basins, retorts, &c— containing 
liquids, are placed on these rings, and the water in the bath is heated. The steam given 
off heats the bottom of the vessels to be heated, and thus effects the evaporation or 
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attract water chemical] y. By weighing a substance before and after 
drying, it is easy to determine the amount of hygroscopic water from 
the loss in weight* u Only in this case the amount of water mnst he 

19 In order to dry any substance at about 100°— that Is, at the boiling point of water 
(hygroscopic water passes off at this temperat u re) ■ a n apparatus called a ' drying-oven ' 
is employed. It consists of a doable copper box; water is poured into she spaes 
between the internal and external boxes, and the or en is then heated over a stove or by 
any other means, or else steam from a boiler is passed between the walls of the two 
boxes. When the water boils, the temperature inside the inner box will be approximately 
100° C. The substance to be dried is placed inside the oven, and the door is closed. 
Several holes are cut in the door to allow the free passage of air, which carries off the 
aqueous vapour by the chimney on the top of the oven. Often, however, desiccation is 
carried on in copper ovens hea t ed directly over a Wop (fig. 13). In this ease any desired 




FlC. 11— Drying oven, composed of brazed copper. It is boated by a lamp. The object to bt dfiet 
fe placed on the game inside the oven. The thermometer iudicatea the temperature. 

temperature may be obtained, which is determined by a thermometer fixed in a special 
orifice. There are substances which only part with their water at a much higher 
temperature than 100°, and then such air baths are very useful. In order to determine 
directly the amount of water in a substance which does not part with anything except 
water at a red heat, the substance is placed in a bulb tube. By first weighing the tube 
empty and then with the substance to be dried in it, the weight of the substance taken may 
be found. The tube is then connected on one side with a gas-holder full of air, which, on 
opening a stop-cock, passes first through a flask containing sulphuric acid, and then into 
a vessel containing lumps of pumice stone moistened with sulphuric acid. In passing 
through these vessels the sir is thoroogbl} dried, having given op all ita moisture to the 
sulphuric acid. Thus dry air will pass into the bulb tube, and as hygroscopic water is 
entirely given op from a substance in dry air even at the ordiuory temperature, and still. 
more rapidly on beating, the moisture given up by the substance in the tube will be 
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Judged with cure, because the loss in weight may sometimes proceed 
from the decomposition of the substance itself, with disengagement of 
gases or vapour. In miking exact weighings the hygroscopic capacity 
of substances— that is, their capacity to absorb moisture— must be con* 
linually kept in view, as otherwise the weight will be untrue from the 
presence of moisture. The quantity of moisture absorbed depends on- 
the degree of moisture of the atmosphere (that is, on the tension of the 
aqueous vapour in it) in which a substance is situated. In an entirely 
dry atmosphere, or in a vacuum, the hygroscopic water is expelled, 
being converted into vapour ; therefore, substances containing hygro- 
scopic water may be completely dried by placing them in a dry atmo- 
sphere or in a vacuum. The process is aided by heat, as it increases the 
tension of the aqueous vapour. Phosphoric anhydride (a white powder), 
liquid sulphuric acid, solid and porous calcium chloride, or the white 
powder of ignited copper sulphate, are roost generally employed in dry* 
ing gases They absorb the moisture contained in air and all gase* to 
a considerable, but not unlimited, extent Phosphoric anhydride and 
calcium chloride deliquesce, become damp, sulphurio acid changes from 
an oily thick liquid into a more mobile liquid, and ignited copper 
sulphate becomes blue ; after which changes these substances partly 
lose their capacity of holding water, end can, if it be in excess, even 
give up their water to the atmosphere. We may remark that the order 
in which these substances are placed above corresponds with the order 
in which they stand in respect to their capacity for absorbing moisture. 
Air dried by calcium chloride still contains a certain amount of mois- 
ture, which it can give up to sulphuric acid. The most complete desic- 
cation takes place with phosphoric anhydride. Water is also removed 
from many substances by placing them in a dish over a vessel contain- 
ing a substance absorbing water und^r a glass bell jar. 14 The bell jar, 

carried off by the air N passing through it. Thin damp air then passes through a U-shaped 
tube full of pieces of pumice stone moistened with sulphurio acid, which absorbs all the 
moUture given off from the substance in the bulb tube. Thus all tbe water expelled 
from the substance will collect in the U tube, and so, if this be weighed before and after, 
the difference will show tbe qusntity of wa'er expelled from the substance. If only water 
(and not sny gases) come over, the increase of the weight of the U tube will be equal to 
the decrease iu the weight of the bulb tube. 

14 Instead of under a glass bell jar, drying over sulphuric acid is often carried on in 
a desiccator consisting of a shallow wide-mouthed glast vessel, closed by a well-fitting 
ground-glass cover. Sulphuric acid is poured over the bottom of the desiccator, and the 
substance to be dried is placed on a glass stand above the acid. A latoral glass tube with 
a stop-cock is often fused into the desiccator in order to connect it with an air pump, and 
•o allow drying nnder a diminished pressure, when the moisture evaporates more rapidly. 
The (act that in the usual form of desiccator the desiccating substance (sulphuric acid) 
If placed beneath the substance to be dried has the disadvantage that the moist air being 
lighter than dry air distribute itself iu the upper portion of the desiccator and not below. 
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tike the receiver of an air pump, •hoald be hermetically closed. In 
this case desiccation takes place ; because solpharic acid, for instance, 
first dries the air in the bell jar by absorbing its moisture, the substance 
to be dried then parts with its moisture to the dry air, from which it is 
again absorbed by the sulphuric acid, drc. Desiccation proceeds still 
better under the receiver of an air pump, for then the aqueous vapour 
is formed more quickly than in a bell jar full of air. 

From what has been said above, it is evident that the transference 
of moisture to gases and the absorption of hygroscopic moisture present 
great resemblance to, but still are not, chemical combinations with 
water. Water, when combined as hygroscopic water, does not lose its 
properties and does not form new substances. 15 

The attraction of water for substances which dissolve in it is of a 
different character. In the solution of substances in water there pro- 
ceeds a peculiar kind of indefinite combination ; a new homogeneous 
substance is formed from the two substances taken. But here also the 
bond connecting the substances is very unstable. Water containing 
different substances in solution boils at a temperature near to its usual 
boiling point. From the solution of substances which are lighter than 
water itself, there are obtained solutions of a less density than water — 
as, for example, in the solution of alcohol in water ; whilst a heavier 
substance in dissolving in water gives it a higher specific gravity. 
Thus salt water is heavier than fresh. 16 

We will consider aqueous solutions somewhat fully, because, among 
other reasons, solutions are constantly being formed on the earth and 
in the waters of the earth, in plants and in animals, in chemical pro- 
cesses and in the arts, and these solutions play an important part in 
the chemical transformations which are everywhere taking place, not 

Hempel, in his desiccator (1891), avoids this by pitting the absorbent above the substance 
to be dried. The process of desiccation can be further accelerated by cooling the upper 
portion of the desiccator, and so inducing ascending and descending curents of air within 
the apparatus. 

** Chappais, however, determined that in wotting 1 gram of charcoal with water 7 units 
©f heat are evolved, and on pouring carbon bisulphide over 1 gram of charcoal as much 
as 24 units of heat are evolved. Alumina (I gram), when moistened with water, evolves 
fi| calories. This indicates that in respect to evolution of heat moistening already 
presents a transition towards exothexmal combinations (those evolving heat in their 
formation). 

" Strong acetic acid (C?H 4 4 ), whose spedno gravity at 16° is 1-065, does not become 
lighter on the addition of water (a lighter substance, sp. gr.« 0*999), but heavier, so that 
a solution of 80 parts of acetic acid and 20 parts of water has a specific gravity of 1074, 
and even a solution of equal parte of acetic acid and water (60 px.) has a sp. gr. of 1*061, 
which is still greater than that of acetic acid itself. This shows the high degree of con* 
traction which takes place on solution. In fact, solutions— end, in general, liquid s eft 
mixing with water, decrease in volume.. 
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wily bast*** water is everywhere met with, but chiefly because a sub* 
•UfHio in solution presents the roost favourable conditions for the 
prwHm of ('Inimical changes, which require a mobility of parts and a 
|jVN*IM<f (lUUuiftion of parts. In dissolving, a solid substance acquires 
a mobility of parts, and a gas loses its elasticity, and therefore reactions 
ofMoi Uito plitoct Iti solutions which do not proceed in the undissolved 
suUutiMHi, further, a substance, distributed in water, evidently 
ltfu*lm up that Is, boootots wore like a gas and acquires a greater 
molality of parts, All those considerations require that in describing 
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cylinder, the mercury will rise, owing to the water dissolving the 
ammonia gas. If th*» column of mercury be less than the barometric 
column, and if there be sufficient water to dissolve the gas, all the 
ammonia will bo absorbed by the water. The water is introduced into 
the cylinder by a glass pipette, with a bent end. The bent end is put 
into water, and the air is sucked out from the upper end. When full 
of water, its upper end is closed with the finger, and the bent end 
placed in the mercury bath under the orifice of the cylinder. On 
blowing into the pipette the water will rise to the surface of the 
mercury in the cylinder owing to its lightness. The solubility of a gas 
like ammonia may be demonstrated by taking a flask full of the gas, 
and closed by a cork with a tube passing through it. On placing the 
tube under water, the water will rise into the flask (this may be 
accelerated by previously warming the flask), and begin to play like a 
fountain inside it. Both the rising of the mercury and the fountain 
clearly show the considerable affinity of water for ammonia gas, and 
the force acting in this dissolution is rendered evident. A certain 
period of time is required both for the homogeneous intermixture of 
gases (diffusion) and the process of solution, which depends, not only on 
the surface of the participating substances, but also on their nature. 
This is seen from experiment. Solutions of different substances 
heavier than water, such as salt or sugar, are poured into tall jais. 
Pure water is then very carefully poured into these jars (through a 
funnel) on to the top of the solutions, so as not to disturb the lower 
stratum, and the jars are then- left undisturbed. The line of demarca- 
tion between the solution and the pure water will be visible, owing to 
their different co-efficients of refraction. Notwithstanding that the 
solutions taken are heavier than water, after some time complete 
intermixture will ensue. Gay •Lussac convinced himself of this fact by 
this particular experiment, which he conducted in the cellars under the 
Paris Astronomical Observatory. These cellars are well known as the 
locality where numerous interesting researches have been conducted, 
because, owing to their depth under ground, they have a uniform tem- 
perature during the whole year ; the temperature does not change 
during the day, and this was indispensable for the experiments on the 
diffusion of solut : ons, in order that no doubt as to the results should 
arise from a daily change of temperature (the experiment lasted several 
months), which would set up currents in the liquids and intermix their 
strata. Notwithstanding the uniformity of the temperature, the sub- 
stance in solution in time ascended into the water and distributed itself 
uniformly through it, proving that there exists between water and a 
substance dissolved in it a particular kind of attraction or striving for 
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are able to rapidly pass through membranes and crystallise, whilst 
substances which diffuse slowly and do not crystallise are colloids, 
that is, resemble glue, and penetrate through a membrane slowly, and 
form jellies , that is, occur in insoluble forms, 18 as will be explained 
in speaking of silica. 

» 8 The rate of diffusion— like the rate of transmission— through membranes, or dialyti* 
(which plays an important part in the vital processes of organisms and also in technical 
processes), presents, according to Graham's researches, a sharply defined change in 
'passing from snch crystallisable substances as the majority of salts and a< ids to sub- 
stances which are capable of giving fellies (gum, gelatin, &c.) The former diffuse into 
solutions and paas through membranes much more rapidly than the latter, and Graham 
therefore distinguishes between crq$tallo%d», which diffuse rapidly, snd colloid* , which 
diffuse* slowly. On breaking solid colloids into pieces, a total absence of cleavage is 
remarked. The fracture of such substances is like that of glue or glass. It is termed a 
' conchoidal ' fracture. Almost all the substances of which animal and vegetable bodies 
consist are colloids, and this is, at all events, partly the reason why animals and plants 
have such varied forms, which have no resemblance to the crystalline forms of tbe 
majority of mineral substance*. The colloid solid substances in organisms — that is, in 
animals and plants— almost always contain water, and take most peculiar forms, of net- 
works, of granules, of hairs, of mucous, shapeless masses, &e, which are quite different 
from the forms taken by crys'alline substances. When colloids separate out from sola* 
tions, or from a molten state, they 
present a form which is similar to 
that of the liquid from which they 
were formed. Glass may be taken 
as the best example of this. Colloids 
are distinguishable from crystal- 
loids, not only by (ha absence of 
crystalline form, but by many other 
properties which admit of clearly 
distinguishing both these classes of 
solids, as Graham showed. Nearly 
all colloids are capable of passing, 
under certain circumstances, from 
a soluble into an insoluble state. ^^ 
The best example is shown bv white 
Of egjrs (albumin) in the raw and * 10 15.-Dlaly.er. Apparatus for the separation of sub- 

i %i y" UUUMU/ '" •««"**•"« gtaoces which pass through a membrane from those 
soluble form, and in the hard- which do not. Description In text, 
boiled and insoluble form. The 

majority of colloids, on passing into an insoluble form in the presence of water, give 
substances having a gelatinous appearance, which is familiar to every one in starch, 
solidified glue, jelly, &o. Thus gelatin, or common carpenter's glue, when soaked in 
water, swells up into an insoluble jelly. If this jelly be heated, it melts, and is then 
soluble in water, but on t ooling it again forms a jelly which is insoluble in water. One 
of the properties which distinguish colloids frdm crystalloids is that the former pass very 
slowly through a membrane, whilst the latter penetrate very rapidly. This may be shown 
by taking a cylinder, open at both ends, and by covering its lower end with a bladder or 
with vegetable parchment (unsized paper immersed for two or three minutes in a mixture 
of sulphnrio acid and half its volume of water, and then washed), or any other mem- 
branous substance (all such substances are themselvee colloids in an insoluble form). 
The membrane must be firmly tied to the cylinder, so as not to leave sny opening. 
Such an apparatus is called a dialywr (fig. 16), and the process of separation of crystal- 
loids from colloids by means of each a membrane is termed dtalyris. An aqueous 
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Henoe, if it be desired to increase the eate of solution, recourse 
must be had to stirring, shaking, or some such mechanical motion. 
But if once a uniform solution is formed, it will remain uniform, no 
matter how heavy the dissolved substance is, or how long the solution 
be left at rest, which, fact again shows the presence of a force holding; 
together the particles of the body dissolved and of the solvent 19 

solution of a crystalloid or oolloid, or a mixture of both, is pound into the dialysar,) 
which it then placed in a Teasel containing water, so that the bottom of the membrane 
is covered with water. Then, after a oertain period of time, the crystalloid pastes through) 
she membrane, Oiilst the colloid, if it doss pass through at all, does so at an incompar- 
ably slower rate. The crystalloid naturally passss through into the water until the solution 
attains the same strength on both sides of the membrane. By replacing the outside/ 
water with fresh water, a fresh quantity of the crystalloid may be separated from the* 
dialyser. While a crystalloid is passing through the membrane, a oolloid remains almost 
entirely in the dialyser, and therefore a mixed solution of these two kinds of substances; 
may be separated from each other by a dialyser. The study of the properties of colloids, 
and of the phenomena of their passsge through membranes, should elucidate much. 
respecting the phenomena whioh are accomplished in organisms. 

w The formation of solutions may be considered in two aspects, from a physical and 
from a chemical point of view, and it is more evident in eolations than in any other 
department of chemistry how closely these provinces of natural science are allied 
together. On the one hand solutions form a particular case of a physioo-meohanieal 
inter-penetration of homogeneous substances, and a juxtaposition of the molecules of the 
substance dissolved and of the solvent, similar to the juxtaposition which is exhibited in 
homogeneous stfbstancss. From this point of view this diffusion of solutions is exactly 
.similar to the diffusion of gases, with only this difference, that the nature and store of energy 
are different in gases from what they are in liquids, and that in liquids there is consider* 
able friction, whilst in gases there is comparatively little. The penetration of a dissolved 
substance into water is likened to evaporation, and solution to the formation of vapour. 
This resemblance was clearly expreesed even by Graham. In recent years the Dutch 
chemist, Van't Hoff, has developed this view of solutions in great detail, having shown 
(in a memoir in the Transaction* of the Swedish Academy of Science, Part 91, No. 17, 
•Lois de l'equilibre chimiqUe dans ritat dilue\ gaseux on dissoos,' 1886), that for dilute 
solutions the oemoHe pressure follows the same laws (of Boyle, Mariotte, Qay-Lussae, 
and Avogadro-Gerhardt) as for gases. The osmotic pressure of a substance dissolved in 
water is determined by means of membranes which allow the passage of water, but not 
of a snbstance dissolved in it, through them. This property is found in animal proto- 
plasmic membranes and in porous substances covered with an amorphous precipitate, 
euch as is obtained by the action of copper sulphate on potassium ferrocyanide (Pfeffer, 
Traube). If, for instance, a one p.c. solution of sugar be placed in such a vessel, which 
ia then cloeed and placed in water, the water passes through the walls of the vessel and 
increases the pressure by SO mm. of the barometric column. If the pressure be artificially 
increased inside the vessel, then the water will be expelled through the walla De Vries 
found a convenient means of determining isotonic solutions (those presenting a similar 
osmotic pressure) in the cells of plants. For this purpose a portion of the soft part of 
the leaves of the Tradescantit discolor, for instance, is cut away and moistened with the 
solution of a given salt and of a given strength. If the osmotio pressure of the solution 
taken be leas than that of the sap contained in the ©ells they will change their form or 
shrink ; If, on the other hand, the osmotic pressure be greater than that of the sap, then 
the cells will expand, as can easily he seen under the microscope. By altering the 
amount of the different salts in solution it is possible to find for each salt the strength 
of solution at which the cells begin to swell, and at whioh they will consequently have 
an equal osmotio pressure. As it i ncreas es in proportion to the amount of a substance) 
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In the consideration of the process of solution, besides the con- 
ception of diffusion, another fundamental conception is necessary— 
namely, that of the KUuration of$olutiom. 

dissolved per 100 parts of water, it U possible, knowing the osmotic pressure of a given sub- 
•tone©— for instance, sugar at various degrees of concentration of solution— and knowing 
the composition of isotonio solutions compared with sugar, to determine the osmotic 
•ps o s s orc of all the salts investigated. The osmotic pressure of dilute solutions determined 
in this manner directly or indirectly (from observations made by Pfeffer and De Vries} 
was shown to follow the same laws as those of the pressure of gases ; for instance, by 
doubling or increasing the quantity of a salt (in a given volume) n times, the pressure is 
doubled or increases n times. So, for example, in a solution containing one part of sugar 
per 100 parts of water the osmotio pressure (aocording to Pfeffer) ** 63*5 cm. of mercury, 
if 8 parts of sugar-* 101*0, if 4 parts - 906*9 and so on, which proves that the ratio is true 
within the limits of experimental error. (9) Different substances for equal strengths of 
solutions, show very different osmotio pressures, just as gases for equal parts by weight 
in equal volumes show different tensions. (8) If, for a given dilute solution at 0°, the 
osmotio pressure equal ©°, then at t° it will be g rea ter and equal to »° (1 + 0*00867t)> i*. 
ft increases with the temperature in exactly the same manner as the tension of gases 
Increases. (4) If in dilute solutions of such substances as do not conduct an electrio 
current (for instance, sugar, acetone, and many other organio bodies) the substances be 
taken in the ratio of their molecular weights (expressed by their formulas, see Chapter 
VIL), then not only will the osmotic pressure be equal, but its magnitude will be deter* 
mined by that tension which would be proper to the vapours of the given substanoes 
when they would be contained in the space occupied by the solution, just as the tension 
of the vapours of molecular quantities of the given substances will be equal, and deter* 
mined by the laws of Oay-Lussac, Msriotte, and Avogadro-Gerhardt Those formula 
(Chapter VII., Notes 98 and 94) by which the gaseous state of matter is determined, may 
also be applied in the present case. 8o, for example, the osmotic pressure n, in centi* 
metres of mercury, of a one per cent solution of sugar, may be calculated according to the 
formula for gases : 

Mp- 6900 * (978 + 1), 

where M is the molecular weight, s the weight in grams of a cubic oentimetre of vapour, 
and t its temperature. For sugar M - 849 (because its molecular composition is 
CiaHttOn). The specific gravity of the solution of sugar is 1*008, hence the weight of 
sugar s contained in a 1 per oeni. solution « 0*01008 gram. The observation was made 
at t m 14°. Hence, aocording to the formula, we find p «■ 69*9 centimetre*. And experi- 
ments carried on at 14° gave 68*6 centimetres, which is very near to the above. (5) For 
the solutions of salts, acids, and similar substances, which conduct an electric current, 
the calculated pressure is usually (but not always in a definite or multiple number of 
times) less than the. observed by i times, and this % for dilute solutions of MgS0 4 is nearly 
1, for C0 3 = 1, for KC1, NaCl, KI, KNO s greater than 1, and approximates to 9, for 
BeCl*, MgClf, KaCO* and others between 9 and 8, for HC1, H9SO4, NaNOj, CaN a 6l and 
others nearly 9 and so on. It should be remarked that the above deductions are only 
applicable (and with a certain degree of accuracy) to dilute solutions, and in this respect 
resemble the generalisations of Michel and Kraft (see Note 44). Nevertheless, the 
arithmetical relation found by Van't Hoff between the formation of vapours and the 
transition into dilute solutions forms an important scientific discovery, which should 
facilitate the explanation of the nature of solutions, while the osmotio pressure of solu* 
tions already forms a very important aspect of the study of solutions. In this respect it 
is necessary to mention that Prof. Konovaloff (1691, and subsequently others also) 
discovered the dependence (and it may be a sufficient explanation) of the osmotio 
pressure upon the differences of the tensions of aqueous vapours and aeneous solutions J 
this, however, already enters into a special province of physical chemistry (certain data 
are given in Note 49 and following), and to this physical side of the question also belongs 
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Just as moist air may be diluted with any desired quantity of dry 

air, so also an indefinitely large quantity of a liquid solvent may be taken, 

one of the extreme oonsequenoes of the resemblanoe of osmotic pressure to gaseous 
pressure, which is that the concentration of a uniform eolation varies in parts which are 
heated or cooled. Soret (1881) indeed observed that a solution of copper sulphate 
containing 17 parts of the salt at 20° only contained 14 parts after heating the upper 
portion of the tube to 80° for a long period of time. This aspect of solution, which is 
now being very carefully and fully worked out, may be called the physical side. Its 
other aspect is purely chemical, for solution does not take place between any two sub- 
stances, but requires a special and particular attraction or affinity between them. A 
vapour or gas permeates any other vapour or gas, but a salt which dissolves in water may 
not be in the least soluble in alcohol, and is quite insoluble in mercury, in considering 
solutions as a manifestation of chemical force (and of chemical energy), it must be 
acknowledged that they are here developed to so feeble an extent that the definite 
compounds (that is, those formed according to the law of multiple proportions) formed 
between water and a soluble substance dissociate even at the ordinary temperature, 
forming a homogeneous system— that is, one in which both the compound and the pro- 
ducts into which it decomposes (water and the aqueous compound) occur in a liquid 
state. The chief difficulty in the comprehension of solutions depends on the fact thai 
the mechanical theory of the structure of liquids has not yet been so fully developed a* 
the theory of gases, and solutions are liquids. The conception of solutions as liquid 
dissociated definite chemical compounds is based on the following considerations: (1) 
that there exist certain undoubtedly definite chemical crystallised oompounds (such a* 
H 9 80«, H*0; or NaCl, 8H,0; or Cafcl*, 6H.,0; &o.) which melt on a certain rise of 
temperature, and then form true solution* ; (9) that metallio alloys in a molten condition 
are real solutions, but on cooling they often give entirely distinct and definite crystallised 
compounds, which are recognised by the properties of alloys ; (8) that between the solvent 
and the substance dissolved there are formed, in a number of cases, many undoubtedly 
definite oompounds, such as oompounds with water of crystallisation; (4) that the 
physical properties of solutions, and especially their specific gravities (a property which 
can be very accurately determined), vary with a change in composition, and in such a 
manner as would be required by the formation of one or more definite but dissociating 
compounds. Thus, for example, on adding water to fuming sulphuric acid its density is 
observed to decrease until it attains*tbe definite composition H9SO4, or SO s + H a O, when 
the specific gravity increases, although on further diluting with water it again falls. 
Moreover (Mendeleeff, The Investigation of Aqueout Solution* from their Specific 
Gravities, 1887), the increase in specifio gravity (dt), varies in all well-known solutions 
with the proportion of the substance dissolved {dp), and this dependence can be expressed 

by a formula &■ - A + Bp) between the limits of definite oompounds whose existence 
dp 

in solutions must be admitted, and this is in complete aooordanoe with the dissociation 

hypothesis. Thus, for Jnstanoe, from H 9 80 4 to H a S0 4 +H 2 (both these substances 

exist as definite oompounds in a free state), the fraction d J- » 0*0789 -0*000749» (where 

dp 
p is the percentage amount of H Q 80<). For alcohol C,H<>0, whose aqueous solutions 
have been more accurately investigated than all others, the definite compound C^H^O* 
SHaO, and others must be acknowledged in its solutions. 

The two aspects of solution above mentioned, and the hypotheses which have as yet 
been applied to the examination of solutions, although they have somewhat different 
starting points, will doubtless in time lead to a general theory of solutions, because the 
same common laws govern both physical and chemical phenomena, inasmuch as the 
properties and motions of molecules, which determine physical properties, depend on 
the motions and properties of atoms, which determine chemical reactions. For details 
of the questions dealing with theories of solution, recourse must now be had to special 
i and to works on theoretical (physical) chomistry ; for this subject forms one of 
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and yet a uniform rotation will 1>e obtained. But more than a definite 

quantity of aqueous vapour cannot be introduced into a certain volume 

of air at a certain temperature. The excess above the point of 

saturation will remain in the liquid state. 30 The relation between 

water and substances dissolved in it is similar . More than a definite 

quantity of a substance cannot, at a certain temperature, dissolve in a 

given quantity of water ; the excess does not unite with the water. 

Just as air or a gas becomes saturated with vapour, so water becomes 

saturated with a substance dissolved in it. If an exceed of a substance 

be added to water which is already saturated with it, it will remain in 

its original state, and will not diffuse through the water. The quantity 

of a substance, (either by volume with gases, or by weight with solids 

and liquids) which is capable of saturating 100 parts of water is called 

the co-ejffici&rU of eolubility or the solubility. In 100 grams of water 

•pedal interest aft the present epoch of the development of our science. In working ont 
chiefly the " hwr**** 1 tide of eolations, I consider H to be necessary to reconcile the two 
aspects of the question; this seems to me to be all the more possible, as the physical tide is 
limited to dilate solutions only, whilst the chemical side deals mainly with strong solutions. 

* A system of (chemically or physically) re-acting substances in different states of 
aggregation— for instance, some solid, others liquid or gaseous— is termed a hetero- 
geneous system. Up to now it is only systems of this kind which can be subjected to 
detailed examinat ion in the sense of the mechanical theory of matter. Solutions («.e. 
unsaturated ones) form fluid homogeneous systems, which at the present time can only 
be investigated with difficulty. 

In the oase of limited solution of liquids in liquids, the difference between the $olv&nt 
end the substance dissolved is clearly seen. The former (that is, the solvent) may be 
added in an unlimited quantity, and yet the solution obtained will always be uniform, 
whilst only a definite saturating proportion of the substance dissolved can be taken. 
We will take water and common (sulphuric)- ether. On shaking the ether with the 
water, it will be remarked that a portion of it dissolves in the water. If the ether be 
taken in such a quantity that it saturates the water and a portion of it remains undis- 
solved, then this remaining portion will act as a solvent, and water will diffuse through 
it and also form a saturated solution of water in the ether taken. Thus two saturated 
solutions will be obtained. One solution will contain ether dissolved in water, and the 
other solution will contain water dissolved in ether. These two solutions will arrange 
themselves in two layers, socording to their density J the ethereal solution of water will 
be on the top. If the upper ethereal solution be poured off from the aqueous solution, 
any q uan tity of ether may be added to it ; this shows that the dissolving substance is 
ether. If water be added to it, it is no longer dissolved in it; this shows that water 
saturates the -ether—here water is the substance dissolved. If we set in the same 
it Bnw with the lower layer, we shall find that water is the solvent and ether* the sub- 
stance dissolved. By taking different amounts of ether and water, the degree of 
solubility of ether in. water, and of water in ether, may be easily determined. Water 
approximately dissolves ^ of its volume of ether, and ether dissolves a very small quan- 
tity of water. Let us now imagine that the liquid poured in dissolves a considerable 
amount of water, and that water dissolves a considerable amount of the liquid. Two 
layers oould not be formed, because the saturated solutions would resemble each oiher, 
and therefore they would intermix in all proportions. This is, consequently, a oase of 
a phenomenon where two liquids present considerable oo-effloients of solubility in each 
other, but where it is impossible to say what these oo-efficients are, because it is impos- 
sible to obtain a saturated solution. 
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at 15°, there can be dissolved not more than 35*86 grams of oommoa 
salt. Consequently, its solubility at 15° is equal to 35*86 9I It is 

n The solubility, or co-efficient 
of solubility! of a eubstanot is 
determined by various methods. 
Either a solution is expressly 
prepared with & clear excess of • 
Che soluble substance and satu- 
rated at a given temperature, and 
the quantity of water and of the 
substance dissolved in it deter- 
mined by evaporation, desicca- 
tion > or other means; or else, as 
is done with gases, definite quan- 
tities of water and of the soluble 
substance are taken and the 
amount remaining undissolved is 
determined. 

The solubility of a gas in 
water is determined by means of 
an apparatus called an absorp- 
HomeUr (fig. 16). It consists of 
an iroii stand /, on which an 
india-n i her ring rests. A wide 
glass tt is placed on this ring, 
and is pressed down on it by the 
ring h and the screws t i. The 
tube is thus firmly fixed on the 
stand. A cock r t communicating 
with a funnel r, passes into the 
lower part of the stand. Mercury 
can be poured into the wide tube 
through this funnel, which is 
therefore made of steel, as copper 
would be affected by the mer- 
cury. The upper ring h is fur- 
nished with a cover n, which can 
be firmly pressed down on to the 
wide tube, and hermetically closes 
it by means of an india-rubber 
ring. The tube r r can be raised 
at will, and so by pouring mercury 
into the funnel the height of the 
column of mercury, whioh pro* 
duces pressure inside the appa- 
ratus, can be increased. The 
pressure can also be diminished 
at will, by letting mercury out 
•through the cock r. A graduated 
tube e, containing the gas and 
liquid to be experimenU>d on, is 
placed inside the wide tube. This 
tube is graduated in millimetres 
for determining the pressure, and 
it is calibrated for volume, so that 




Wm. 16.— Bunsen's Kbsorptiometcr. Apparatus for 
dstermJolng the solubility of gases in liquid*. 
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most important to tarn attention to the existence of the solid insoluble 
substances of nature^ because on them depends the shape of the 
substances of the earth's surface, and of plants and animals. There 
is so much water on the earth's surface, that were the surface of sub* 
stances formed of soluble matters it would constantly change, and 

the number of volumes occupied by the gas and liquid dissolving it can be easily calcu* 
lated. ThiitobeotAileobeeeeilyremoTedfromtheappftntat. The lower portion of this 
tube when removed from the apparatus is shown to the right of the figure. It will be ob- 
served that ite lower end ie furnished with s male screw 6, fitting in a nut a. The lower 
eurfsos of the nut a is covered with india-rubber, so that on screwing up the tube ite 
lower end presses upon the india-rubber, and.thus hermetically closes the whole tube, fot 
its upper end is fused up. The nut a is furnished with arms o c, and in the stand / 
there are corresponding spaces, so 'that when the screwed-up internal tube it fixed into 
stand /, the arms o e fix into these tpaces cut in/. This enables the internal tube to be 
fixed on to the stand/. When the internal tube it fixed in the stand, the wide tube it put 
into ite right position, and mercury and water are poured into the space between the two 
tabes, and communication is opened between the inside Of the tube e and the mercury 
between the interior and exterior .tubes. This is done by either revolving the interior 
tube 0, or by a key turning the nut about the bottom part of/. The tube e is filled with 
gas and water as follows : the tube is removed from the apparatus, filled with mercury, 
and the gas to be experimented on is passed into it. The volume of the gas is measured, 
the temperature and pressure determined, and the volume it would occupy at 0° and 
700 mm. calculated. A known volume of water is then introduced into the tube. The 
water must be previously boiled, so as to be quite freed from air in solution. The tube is 
then closed by screwing it down on to-tha india-rubber on the nut. It is then fixed on to 
•the etand/, mercury and water are poured into the intervening space between it and the 
exterior tube, which is then screwed up and closed by the oover p, and the whole 
apparatus is left at rest for some time, so that the tube e, and the gas in it, may attain the 
same temperature as that of the surrounding water, which is marked by a thermometer 
k tied to the tube e. The interior tube 1s then again closed by turning it in the nut, 
the cover p again shut, and the whole apparatus- is shaken in order that the gas in the 
tube e may entirely saturate the water. After several shakings, the tube e is again 
opened by turning it in the nut, and the apparatus is left at rest for a oertein time ; it is 
then cloeed and again shaken, and so on untU the volume of gas does not diminish after 
a fresh shakingr-that it, until saturation ensues. Observations are then made of the 
temperature, the height -of the mercury in the interior tube, and the level of the water in 
it, and also of the level of the mercury and water in the exterior tube. All these data 
are necessary in order to calculate the pressure under which the eolation of the gas takes 
place, and what volume of gas remains undissolved, and also the quantity of water which 
servos as the solvent By varying the temperature of the surrounding water, the amount 
of gas dissolved at various temperaturee may be determined. Bunsen, Carina, and 
many others determined the eolation of various gases in Water, eloohol, end oertain 
other liquids, by means of this apparatus. If in a determination of this land it is found 
that n cubic centimetres of water at a pressure h dissolve m cubic oentimetree of a 
given gas, measured at 0° and 760 mm., when the temperature under which solution 
took place was t°, then it follows that at the temperature t the «h*ffici*nt of$olubiU*it 

of the go* in I volume of the liquid will be equal to - *^5° 

This formula is very dearly understood from the fact that the oo-efflcient of aolubOity 
of gases is that quantity measured at 0° and 760 ram., which is absorbed at a pressure 
of 760 mm. by one volume of. a-liquid. If n cubic centimetres of water abeorb m cubta 
centimetres of a gas, then one cubic centimetre absorbs 5|. If - c.c of a gas are 

absorbed under* a pressure of h mm., then, acoe r di n g to the law of the variation of 
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however substantial their forms might be, mountains, river banks and 
sea shores, plants and animals, or the habitations and coverings of men, 
oould not exist for any length of time. 8 * 

Substances which are easily soluble in water bear a certain resem- 
blance to it Thus sugar and salt in many of their superficial features 
solubility of » gM with the pressure, there would bo dissolved; under a pressure of 
700 mm., a quantity varying in the same ratio to ? as 780 : A. In determining the 

residual volume of gas its moisture (note 1) most be taken into consideration. 

Below are given the number of grams of several substances saturating 100 grams of 
water— that is, their oo-efBcients of solubility by weight at three different temperatures :— 





▲to* 


At JO* 


At 100* 


Oases 
Liquids 

8olids • 


[Oxygen. 0» 

Carbonic anhydride* CO t . . • 
.Ammonia, NHj i . <* * • 
f Phenol. CXO. .»*■.. 

Amyl alcohol, CiHtaO i » r . 

8ulphurio acid, H48O4 « 
fOyptum, Ca80 4 ,2H,0 . ; * t 

Afum,AiK8,O a ,iaH ? C )< . . . 

Anhydrous sodium sulphate, Nsj80 4 

Common Salt, NaCl .... 

Nitre, KNO, 


4*9 
44 

00 

A 

46 
067 
18*8 


5*2 
9*9 

OO 

»J 

90 

86*0 

81-7 


7s 

OO 
OO 

867-5 

48 

897 
9400 



Sometimes a substance is so slightly soluble that it may be considered as insoluble. 
Many such substanoes are met with both in solids and liquids, and such a gas as oxygen, 
although it does dissolve, does so in so small a proportion by weight that it might be 
considered as aero did not the solubility of even so little oxygen play an important part 
in nature (as in the respiration of fishes) and were not an infinitesimal quantity of a gas 
by weight so easily measured by volume. The sign OO, which stands on a line with sul- 
phuric add in the above table,, indicates that it intermixes with water in all proportions. 
There are many such cases among liquids, and everybody knows, for instance, that spirit 
(absolute alcohol) can be mixed in any proportion with water. 

n Just as the existence must be admitted of substanoes which are completely un- 
deoomposable (chemically) at the ordinary temperature— and of substances which 
are entirely non-volatile at such a temperature (as wood and gold), although capable of 
decomposing (wood) or volatilising (gold) at a higher temperature— so also the existence 
must be admitted of substanoes which are totally insoluble in water without some degree 
of change in their state. Although mercury is partially volatile at the ordinary tem- 
perature, there is no reason to think that it and other metals are soluble in water, aloohol, 
or other similar liquids. However, mercury forms solutions, as it dissolves other metals. 
On the other hand, there are many substanoes found in nature which are so very 
slightly soluble in water, that in ordinary practioe they may be considered as insoluble 
(for example, barium sulphate). For the comprehension of that general plan according to 
which a change pi state of substanoes (combined or dissolved, solid, liquid, or gaseous) 
takes place, it is very important to make a distinction at this boundary line (on approach- 
ing sero of decomposition, volatility, or solubility) between an insignificant amount and 
sero, but the present methods of research and the data at our disposal at the present 
jifn« only just touch such questions (by studying the electrical conductivity of dilute 
solutions and the development of micro-organisms in them). It must be remarked, 
besides, that water in a number of cases does not dissolve a substanoe as such, but aote 
on it ohemioally and forms a soluble substanoe. Thus glass and many rooks, especially 
if taken as powder, are chemically changed by water, but are not directly soluble in it 
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remind one of ice. Metals, which are not soluble in water, have no 
points in common with it, whilst on the other hand they dissolve each 
other in a molten state, forming alloys, just as oily substances dissolve 
each other ; for example, tallow is soluble in petroleum and in olive oil, 
although they are all insoluble in water. From this it is evident that 
the analogy of substances forming a solution plays an important part, 
and as aqueous and all other solutions are liquids, there is good reason 
to believe that in the process of solution solid and gaseous substances 
change in a physical sense, passing into a liquid state. These con- 
siderations' elucidate many points of solution — as, for instance, the 
variation of the co-efficient of solubility with the temperature and the 
evolution or absorption of heat in the formation of solutions. 

The solubility — that is, the quantity of a substance necessary for 
saturation — varies with the temperature, and, further, with an increase 
in temperature the solubility of solid substances generally increases, and 
that of gases decreases ; this might be expected, as solid substances by 
heating, and gases by copling, approach to a liquid or dissolved state.** 
A graphic method is often employed to express the variation of solu- 
bility with temperature. On the axis of abscissas or on a horizontal 
line, temperatures are marked out and perpendiculars are raised corre- 
sponding with each temperature, whose length is determined .by. the 
solubility of the salt at that temperature —expressing, for instance, one 
part by weight of a salt in 100 parts of water by one unit of length, 
such as a millimetre. By joining the summits of the perpendiculars, 
a curve is obtained which expresses the degree of solubility at different 
temperatures. For solids, the curve is generally an ascending one — ue. 
recedes from the horizontal line with the rise in temperature. These 
curves clearly show by their inclination the degree of 'rapidity of increase 
in solubility with the temperature. Having determined several points 
of a curve — that is, having made a determination of the solubility for 
several temperatures — the solubility at intermediary temperatures may 
be determined from the form of the curve so obtained ; in this way 
the empirical law of solubility may be examined. 24 The results of 

B Beilby (1888) experimented on paraffin, and found that one litre of solid paraffin 
at 91° weighed 874 grant, end when liquid, at iU melting-point 88°, 788 grams, at 49°, 
775 grams, and at 60°, 787 grama, from which the weight of a litre of liquefied-paraffln 
would be 796*4 grams at 21° if it oould remain liquid at that temperature. By dissolving 
•olid paraffin in lubricating oil at 21° Beilby found that 796*8 grams occupy one cubio 
decimetre, from which he concluded that the solution contained liquefied paraffin. 

** Gay-Lussae was the first to have recourse to such a graphic method of euwsstiiig 
solubility, and he considered; in accordance with the 'general opinion,. thai by joining up 
the summits of the Ordinatce in one harmonious curve it it possible to express the entire 
change of solubility with the temperature. Now, there are many reasons for doubting 
Ike accuracy of such an admission, for there are undoubtedly critical points in curves ol 
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research have shown that the solubility of certain salts — as, for example, 
common table salt — varies comparatively little with the temperature j 
whilst for other substances the solubility increases by equal amounts 
for equal increments of temperature. Thus, for example, for the 
saturation of 100 parts of water by potassium chloride there is required 
at 0°, 29-2 parts, at 20°, 347, at 40°, 40-2, at 60°, 457 ; and so on, 
for every 10° the solubility increases by 2*75 parts by Weight of the 
salt Therefore the solubility of the potassium chloride in water may be 
expressed by a direct equation : *i = 29*2 + 0*275*, where a represents the 
solubility at f°. For other salts, more complicated equations are required. 
For example, for nitre: a = 133 +0*574<+ 0-01 7 17** + 0-0000036**, 
which shows that when *»0° a =13-3, when *=?10° «c=20-8, and when 
*s=100° «=2460. 

Curves of solubility give the means of estimating the amount of 
$alt separated by the cooling to a known extent of a solution saturated 
solubility (for example, of sodium sulphate, as shown further on), and it may be that 
definite compounds of dissolved substances with water, in decomposing within known 
limits of temperature, give critical points more often than would be imagined ; it may 
even be, indeed, that instead of a continuous ourve, solubility should be expressed— if 
not always, then not unfrequently— by straight or broken lines. According to Ditte, the 
solubility of sodium nitrate, NaNO Sl is expressed by the following figures per 100 parte 
of water:— 

0° 4° 10° 15° '91° 89° 86° 61° 68° 

667 710 768 80*6 857 02*9 994 118*8 1251 
In my opinion (1881) these data should be expressed with exactitude by a straight line, 
67'6+0'87f, which entirely agrees with the results of experiment According to this 
the figure expressing the solubility of salt at 0*» exactly coincides with the composition 
of a definite chemical compound— NaNOg, 7H*0. The experiments made by Ditte 
showed that all saturated solutions between 0° and — 157° have such a composition, 
and that at the latter temperature the solution completely solidifies into one homo- 
geneous whole. Between 0° and — 15°*7 the solution NaNCVH^O does not deposit 
either salt or ice. Thus the solubility of sodium nitrate is expressed by a broken 
Straight line. In recent times (1888) Etard discovered a similar phenomenon 
in many of the sulphates. Brandes, in 1880, ehows a diminution in solubility 
below 100° for manganese sulphate. The percentage by weight (i.e. per 100 parte 
of the solution, and not of water) of saturation for ferrous sulphate, FeS0 4 , from 
- 2° to + 66° - 18*6 + <W84<— that is, the solubility of the salt increases. The solubility 
remains constant from 65° to 98° (according to Brandes the solubility then increases; 
this divergence of opinion requires proof), and from 08 J to 150° it falls as «= 10485- 
0*6685*. Hence, at about + 166° the solubility should -0, and this has been confirmed 
by experiment. I observe, on my part, that £tard's formula gives 88'L p.c. of salt at 
65° and 88*8 p.o. at 92°, and this m^yimnm amount of salt in the solution very nearly 
corresponds with the composition FeSO il 14H 3 0, which requires 87 6 p.c. From what 
.has been said, it is evident that the data concerning solubility require a new method of 
investigation, which should have in view the entire scale of solubility— from the form- 
ation of completely solidified solutions (cryohydrates, which we shall speak of presently) 
to the separation of salts from their solutions, if this ja accomplished at a higher tem- 
perature (for manganese and cadmium sulphates there is an entire separation, according 
to E*tard), or to the formation of a constant solubility (for potassium sulphate the solu- 
bility, according to Etard, remains constant from 168° to 220° and equals 24*9 p.©.) 
(Bee Chapter XIV., note 50, solubility of CeCl** 
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at a given temperature For instance, if 200 parts of a solution of 
potassium chloride in water saturated at a temperature of 60° be taken, 
and it be asked how much of the salt will be separated by oooling the: 
eolation to 0°, if its solubility at 60°«=s45*7 and at 0°ts29*2 f The 
answer is obtained in the following manner* At 60° a saturated 
aolution contains 45*7 parts of potassium chloride per 100 parts by 
weight of water, consequently 145*7 parts by weight of the solution 
contain 45*7 parts, or, by proportion, 200 parts by weight of the 
solution contain 62*7 parts of the salt The amount of salt remaining 
in solution at 0° is calculated as follows : In 200 grams taken there 
will be 137 3 grams of water ; consequently, this amount of water is 
capable of holding only 40*1 grams of the salt, and therefore in lower- 
ing the temperature from 60° to 0° there should separate from the 
solution 62-7-401=22*6 grams of the dissolved salt. 

The difference in the solubility of salts, Ac., with a rise or fall of 
temperature is often taken advantage of, especially in technical work, 
for the separation of salts, in intermixture from each other. Thus a 
mixture of potassium and sodium chlorides (this mixture is met with in 
nature at Stassfurt) is separated from a saturated solution by subject- 
ing it alternately to boiling (evaporation) and cooling. The sodium 
chloride separates out in proportion to the amount of water expelled 
from the solution by boiling, and is removed, whilst the potassium 
chloride separates out on cooling, as the solubility of this salt rapidly 
decreases with a lowering in temperature. Nitre, sugar, and many 
other soluble substances are purified (refined) in a similar manner 

Although in the majority of cases the solubility of solids increases 
with the temperature, yet there are some solid substances whose 
solubilities decrease on heating. Glauber's salt, or sodium sulphate, 
forms a particularly instructive example of the case in question. If 
this salt be taken in. an ignited state (deprived of its water of 
crystallisation), then its solubility in 100 parts of water varies with the 
temperature in the following manner : at 0°, 5 parts of the salt form a 
saturated solution , at 20°, 20 parts of the salt, at 33° more than 50 
parts. The solubility, as will be seen, increases with the temperature, 
as is the case with nearly all salts ; but starting from 33° it suddenly 
diminishes, and at a temperature of 40°, less than 50 parts of the salt 
dissolve, at 60° only 45 parts of the salt, and at 100° about 43 
parts of the salt in 100 parts of water This phenomenon may be 
traced to the following facts : Firstly, that this salt forms various 
compounds with water, as will be afterwards explained ; secondly, 
that at 33° the compound Na t SO 4 + 10H 1 O formed from the solution 
at lower temperatures, melts ; and thirdly, that on evaporation at a 
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temperature above 33° an anhydrous tali, Na,S0 4 separates wit. It will 
be seen from this example how complicated such an apparently simple 
pheoonienon as solution really is ; and all data concerning solutions 
lead to the saine conclusion. This complexity becomes evident in inves- 
tigating the heat qfioUUion, If solution consisted of a physical change 
only, then in the solution of gases there would be evolved— and in the 
solution of solids, there would be absorbed— just that amount -of heat 
corresponding to the change of state ; but in reality a large amount of 
heat is always evolved in solution, depending on the fact that in the 
process of solution chemical combination takes place accompanied by 
an evolution of heat Seventeen grams of ammonia (this weight cor- 
responds with its formula NH,), in passing from a gaseous into a 
liquid state, evolve 4,400 units of heat (latent heat) ; that is, the 
quantity of heat neoestary to raise the. temperature of 4,400 grams of 
water 1°. The same quantity of ammonia, in dissolving in an excess 
of water, evolves twice as much heat— namely 8,800 units — showing 
that the combination with water is accompanied by the evolution of 
4,400 units of heat Further, the chief part of this heat is separated 
in dissolving in small quantities of water, so that 17 grams of ammonia, 
in dissolving in 18 grams of water (this weight corresponds with its 
composition H t O), evolve 7,535 units of heat, and therefore the for- 
mation of the solution NH,-f H,0 evolves 3,135 units of heat beyond 
that due to the change of state. As in the solution of gases, the heat 
of liquefaction (of physical change of state) and of chemical combination 
with water are both positive (+), therefore in the eoltUion cfgaee* in 
water a heat effect is always observed. This phenomenon is different in 
the solution of solid substances, because their passage from a solid to a 
liquid state is accompanied by an absorption of heat (negative, -heat), 
whilst their chemical combination with, water is accompanied by an 
evolution of heat ( + heat) ; consequently, their sum may either be a 
cooling effect, when the positive (chemical) portion of beat is less than 
the negative (physical), or it may be, on the contrary, a heating effect 
This is actually the case. 124 grams of sodium thiosulphate (employed 
in photography) Na^O^SHjO in melting (at 48°) absorbs 9,700 units 
of heat, but in dissolving in a large quantity of water at the ordinary 
temperature it absorbs 5,700 units of heat, which shows the evolution 
of heat (about + 4,000 units), notwithstanding the cooling effect 
observed in the process of solution, in the act of the chemical com- 
bination of the salt with water. 95 But in most cases solid substances 

n The latent heat of fation it determined at the temperature of fusion, whilst eolation 
takes place at the ordinary temperature, and one matt think that at this temperature 
lbs latent heat would be different, Just at the latent heat oi evaporation varies wtik 



Ott WATER AND ITS COMPOUNDS 75 

fn dissolving in water evolve heat, notwithstanding the passage into a* 
liquid state, which indicates so considerable an evolution of (+) heat 

the temperature (Me Note 11). Betides which, in dissolving, disintegration of the 
{articles of both the solvent and the substance dissolved takes place, a process which in 
its mechanical aspect resembles evaporation, and therefore most «y>n^m^ much heat* 
The heat emitted in the solution of a solid must therefore be considered (Personne) as 
composed of three factors— (1) positive, the effect of combination ; (2) negative, the effect 
of transference into a liquid state ; and (3) negative, the effect of disintegration. In the 
solution of a liquid by a liquid the second factor is removed ; and therefore, if the heat 
evolved in combination is greater than that absorbed in disintegration a heating effect is 
observed, and in the reverse case a cooling effect ; and, indeed, sulphuric acid, alcohol, 
and many liquids evolve heat in dissolving in each other. But the solution of chloroform 
in carbon bisulphide (Bussy and.Binget), or of phenol (or aniline) in water (Alexeeff), 
produces cold. In the solution of a small quantity of water in acetic acid (Abasheff), or 
hydrocyanic acid (Bussy and Binget), or amyl alcohol (Alexeeff), cold is produced, whilst 
in the solution of these substances in an excess of water heat is evolved. 

The relation existing between the solubility of solid bodies and the heat and tempera* 
tare of fusion and solution has been studied by many investigators, and more recently 
(1893) by Schroder, who states that in the solution of a solid body in a solvent which 
does not act chemically upon it, a very simple process takes place, which differs but little 
from the intermixture of two gases which do not react chemically upon each other. The 
following relation between the heat of solution Q and the heat of fusion p may then be 

taken :£=:£ = constant, where T and 7 are the absolute (from —978 s ) temperatures 

of fusion and saturation. Thus, for instance, in the case of naphthalene the calculated 
and observed magnitudes of the heat of solution differ but slightly from each other. 

The fullest information concerning the solution of liquids in liquids has been 
gathered by W. T. Alexeeff (1883-1886); these data are, however, far from being 
sufficient to solve the mass of problems respecting this subject He showed that two 
: liquids which dissolve in each other, intermix together in all proportions at a certain 
temperature. Thus the solubility of phenol, CeH*0, in water, and the converse, is 
limited up to 70°, whilst above this temperature they intermix in all proportions. This 
is seen from the following figures, where p is the percentage amount of phenol and i 
the temperature at which the solution becomes turbid— -that is, that at which it is 
saturated:— 

j> = 712 10-90 1581 96*15 <98*55 86*70 48*86 6115 71*97 

f = l° 45° 60° 67° 67° 67° 65° 58° 90° 

It is exactly the same with the solution of bensene, aniline, and other substances in 
molten sulphur. Alexeeff discovered a similar complete intermixture for solutions of 
secondary butyl alcohol in water at about 107° ; at lower temperatures the solubility is 
not only limited, but between 50° and 70° it is at its minimum, both for solutions of the 
alcohol in water and for water in the alcohol ; and at a temperature of 6° both solutions 
exhibit a fresh change in their scale of solubility, so that a solution of the alcohol in 
water which is saturated between 5° and 40° will become turbid when heated to 60°. 
In the solution of liquids in liquids, Alexeeff observed a lowering in temperature (an 
absorption of heat) and an absence of change in specific heat (calculated for the mixture) 
much more frequently than had been done by previous observers. As regards his hypo- 
thesis (in the sense of a mechanical and not a chemical representation of solutions) that 
substances in solution preserve their physical states (as gases, liquids, or solids), it is 
very doubtful, for it would necessitate admitting the presenos of ice in water or its 
vapour. 

From what has been said above, it will be clear that even in so very simple a case as 
solution, it is impossible to-calculate the heat emitted by chemioal action alone, and thetl 
She chemioal process cannot be separated from the physical and mechanical. 
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In the act of combination with water that it exceeds the absorption of 
(-) heat dependent on the passage into a liquid state, Thus, for 
instance, calcium chloride, CaCl* magnesium sulphate, Mg60 4 , and 
many other salts evolve heat in dissolving ; for example, 60 grams 
of magnesium sulphate evolve about 10,000 units of heat. Therefore, 
%n the solution o/iolid bodie* either a cooling* 6 , or a heating" effect is 
produced, according to the difference of the reacting affinities. When 
they are considerable— that is, when water is with difficulty' separated 
from the resultant' solution, and only with a rise of temperature 
(such substances absorb water vapour)--- then much heat is evolved in 
the prooess of solution, just as in many reactions of direct combination, 
and therefore a considerable heating of the solution is observed. Of 
such a kind, for instance, is the solution of sulphuric acid (oil of vitriol 
HjS0 4 ), and of caustic soda (JjaHO), Ac., in water.** 

Solution is a reversible reaction ; for, if the water be expelled from 
a solution, the substance originally taken is obtained again. But it 
must be borne in mind that the expulsion of the water taken for 
solution is not always accomplished with equal facility, because water 
has different degrees of chemical affinity for the substance dissolved. 
Thus, if a solution of sulphuric acid, which mixes with water in all 
proportions, be heated, it will be found that very different degrees of 
heat are required to expel the water. When it is in a large excess,. 

** The cooling effect produced in the eolation of solids (end eieo in the expansion of 
gjeeee end in evaporation) is applied to the production of low temperature*. Ammo- 
nium nitrate is Terr often need for thie purpose ; in dissolving in water it abeorbe 77 
unite of heat per each part by weight On evaporating the eolation thai formed, the 
solid eel* it re-obtained. The application of the various fretting mixture* is based on 
the eame prinoiple. Snow or broken ice frequently enters into the composition of t hese 
mixture*, advantage being taken of its latent heat of fusion in order to obtain the 
lowest possible temperature (without altering tho pressure or employing heat, as in other 
methods of obtaining a low temperature). For laboratory work recourse is most often 
had to a mixture of three parts of snow and one part of common salt, which causes the 
temperature to fall from 0° to -21° C. Potassium thiocyanate, KCN8, mixed with 
water (| by weight of the salt) gives a still lower' temperature. By mixing ten parte of 
crystallised calcium chloride, CaCl*6H,0, with seven parte of snow, the temperature 
may even fall from 0° to —65°. 

* The heat which ie evolved in solution, or even in the dilution of solutions, is also- 
sometimes made use ot in practice. Thus caustic soda (NsHO), in dissolving or on the 
addition of water to a strong solution of it, evolves so much heat that it can replace fuel. 
In a steam boiler, which nas been previously heated to the boiling point, another boiler 
is placed containing caustic soda, and the exhaust steam is made to pass through the 
latter; the formation of steam then goes on for a somewhat long period of time without 
any other heating. Norton makes use of this for smokeless street locomotives. 

* The temperatures obtained by mixing monohydrated sulphuric acid, H38O4, with 
different quantities of water, are shown on the lowest curve in fig. 17, the relative pro 
portions of both substances being expressed in percentages by weight along the horfc 
■ontal axis. The greatest rise Of temperature is 149°. It corresponds with the greatest 
•volution of heat (given on the middle curve) co rre spo nding with a definite volume 
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water is given off at a temperature slightly above 100°, but if it be in 
but a small proportion there is such an affinity between it and the 
sulphuric acid that at 120°, 150°, 200°, and even at 300°, water is still 
retained by the sulphuric acid. The bond between the remaining 
quantity of water and the sulphuric acid is evidently stronger than the 
bond between the sulphuric acid and the excess of water. The force 
acting in solutions is consequently of different intensity, starting from 
so feeble an attraction that the properties of water— as, for instance, its 
power of evaporation — are but very little changed, and ending with 
cases of strong attraction between the water and the substance dis- 
solved in or chemically combined with it In consideration of the very 
important significance of the phenomena, and of the cases of the 
breaking up of solutions with separation of water or of the substance 
dissolved from them, we shall further discuss them separately, after 

(100 cc) of the eolation produced. The top cure expresses the degree of contraction, 
which also corresponds with 100 volumes of the solution produced. The greatest con* 
taction, as also the greatest rise of temperature, corresponds with the formation of a 
trihydrate, H 2 $0<,2H 3 ( = 731 p.c. BjSOj, which very likely repeats itself in a similar 




YlD. I*.— Cartes c 
mixings 



j the contraction, quantity of heat, and rises of temperature produced by 
9 add with water. Percentage of HJBO. la given along the axis of abe dw eeo, 



form in other eolations, although all the phenomena (of contraction, evolution of heal, and 
rise of temperature) are very complex and are dependent on many circumstances. One 
would think, however, judging from the above examples, that all other in flu enc es are 
feebler in their action than chemical attraction, especially when it is so considerable as 
fcctween sulphuric acid and water. 
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having acquainted ourselves with certain peculiarities of the sototfoo 
of gases and of solid bodies. 

The solubility of gases, which is usually measured by the volume 
of gas * (at 0° and 760 mm. pressure) per 100 volumes of water, varies 
not only with the nature of the gas (and also of the solvent), and 
with the temperature, but also with the pressure, because gases them- 
selves change their volume considerably with the pressure. As might 
be expected, (1) gases which are easily 'liquefied (by pressure and cold) 
are more soluble than those which are liquefied with difficulty. Thus, 
in 100 volumes of water only two volumes of hydrogen dissolve at 0* 
and 760 mm., three volumes of carbonic oxide, four volumes of oxygen, 
Ac., for these are gases which are liquefied with difficulty ; whilst 
there dissolve 180 volumes of carbonic anhydride, 130 of nitrous oxide, 
and 437 of sulphurous anhydride, for these are gases which are rather 
easily liquefied. (2) The solubility of a gas is diminished by heating, 
which is easily intelligible from what has been said previously — 
the elasticity of a gas becomes greater, it is removed further from 
a liquid state. Thus 100 volumes of water at 0° dissolve 2*0 volumes 
of air, and at 20° only 1*7 volume. For this reason cold water, when 
brought into a warm room, parts with a portion of the gas dissolved in 
it* (3) The quantity of the gas dissolved varies directly with the 
pressure. This rule is called the law of Henry and DaUon, and is 
applicable to those gases which are little soluble in water. Therefore 
a gas is separated from its solution in water in a vacuum, and water 
saturated with a gas under great pressure parts with It if the pressure 

* If a volume of gM v bo measured undtr * prewar* of h mm. of mercury (at.0°) 
end et e temperature 1° Centigrade, then, eooording to the eombined lews of boyle, 
MarioHe, end of Qay-Luseee, iU volume et 0° end 760 mm. will equal the product of © 
into 760 divided by the product of h into l+at°, where a ie the oc-effleient of expansion 
of gases, which is equal to 0*00867. The weight of the gee will bo equal to iU volume a> 
0° and 760 mm. multiplied by its density referred to air and by. the weight of one volume 
of air at 0° and 760 mm. The weight of one litre of. air under these conditions being - 
1*398 gram. If the density of the gas be given, in relation to hydrogen this must be 
divided by 14*4 to bring it in relation to air. ~ If the gee be meeeured when saturated 
with aqueous vapour, then it must be reduced to the volume end weight of the gas when 
dry, according to the rules given in Note 1. If the pressure be determined by a column 
of mercury having a temperature t, then by dividing the height of the column by 
1 + 000018* the corresponding height at 0° is obtained. If the gas be enclosed in a 
tube in which a liquid stands above the level of the mercury, the height of the column of 
the liquid being = H and its density - D, then the gas will be under a pressure which 

Is equal to the barometric pressure less , where 18*69 is the density of mercury. By. 

these methods the quantity of a gat in determined, and Its observed volume reduced to 
normal conditions or to parts by weight. The physical data concerning vapours end- 
gases must be continually kept in sight in dealing with and measuring gases. The student 
must become perfectly familiar with the calculations relating to gases. 

w According to Bunsen, Winkler, Timofeeff, and others, 100 vols, of water under a 
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be diminished. Thus many mineral springs are saturated underground 
with carbonic anhydride* under the great pressure of the column of 
water above them. On coming to the surface, the water of these springs 
boils and foams on giving up the excess of dissolved gas. Sparkling 
wines and aerated waters are saturated under pressure with the same 
gas. They hold- the gas so long as they are in a well-corked vessel. 
When the cork is removed and the liquid comes in contact with air at 
a lower pressure, part of the gas, unable to remain in solution at a lower 
pressure, is separated as froth with the hissing sound familiar to all 
It must be remarked that the law of Henry and Dalton belongs to the 
class of approximate laws, like the laws of gases (Gay-Lussac's and 
Mariotte's) and many others— that is, it expresses only a portion of a 
complex phenomenon, the limit towards which the phenomenon aims. 
The matter is rendered complicated from the influence of the degree of 
solubility and of affinity of the dissolved gas for water. Gases which 
are littla soluble— for instance, hydrogen, oxygen, and nitrogen — follow 
the law of Henry and Dalton the most closely. Carbonic anhydride 
exhibits a decided deviation from the law, as is seen from the determi- 
nations of Wroblewski (1882). He showed that at 0° a cubic centi- 
metre of water absorbs 1*8 cubic centimetre of the gas under a pressure 
of one atmosphere ; under 10 atmospheres, 16 cubic centimetres (and 
not 18, as it should be according to the law) • under 20 atmospheres, 

pressure of one atmosphere absorb the following volumes of gas (measured at 0° and 
760 mm.) :-— 

138468 7 8 10 11 

0° 482 2-85 2-15 1797 854 180-5 4871 6886 64 104960 788 

90° 810 1-54 1-88 90-1 2-82 670 290-5 862-2 85 65400 471 

1, oxygen ; 2, nitrogen ; 8, hydrogen ; 4, carbonic anhydride ; 6, carbonic oxide ; 6, nitrons 
oxide; 7, hydrogen sulphide; 8, sulphurous anhydride ; 9, marsh gas; 10, ammonia; 11, 
nitric oxide. The decrease of solubility with a rise of temperature varies for different 
gases ; it is greater, the greater the molecular weight of the gas. It is shown by calcula- 
tion that this decrease rariee (Winkler) as the cube root of the molecular weight of the 
►gas. This is seen from the following table : 



Decrease of solubility per 
*>° in percent. 


Cube root of molecular 
weight 


Ratio between decrease 
and cube root of moL wt. 


H, 15-82 
N, 84-88 
OO 84-44 
NO 86-24 
O* 86-56 


1-269 
8-087 
8-087 
8107 
8175 


1217 
11-80 
11-84 
1166 
11-51 



The decrease in the coefficient of absorption with the temperature must be connect*) 
With a change in the physical properties of the water. Winkler (1891) remarked acertein 
telatkm between the internal friction and the coefficient of absorption at various tern. 
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26-6 cubic centimetres (instead of 36), and under 30 atmospheres, 33-7 
cubic centimetres.* 1 However, as the researches of Sechenoff show, 
the absorption of carbonic anhydride within certain limits of change 
of pressure, and at the ordinary temperature, by water— and even by 
solutions of salts which .are not chemically changed by it, or do not 
form compounds with it — very closely follows the law of Henry and 
Dalton, so that the chemical bond between this gas and water is so 
feeble that the breaking up of the solution with separation of the gas 
is accomplished by'a decrease of pressure alone. 81 The case is different 
if a considerable affinity exists between the dissolved gas and water. 
Then it might even be expected that the gas would not be entirely 
separated from water in a vacuum, as should be the case with gases 
according' to the law of Henry and Dalton. Such gases— and, in 
general, all those which are very soluble— exhibit a distinct deviation 
from the law of Henry and Dalton. As examples, ammonia and hydro- 
chloric acid gas may be taken. The former is separated by boiling and 
decrease of pressure, while the latter is not> but they both deviate dis- 
tinctly from the law. 



Pressure In mm. 
of mercury 


Ammonia dissolved 

In 100 grams of 

water at 0° 


Hydrochloric acid 
. gas dissolved in 100 
grams of water at 0° 


100 

600 

1,000 

1,600 


Grams 

380 

69*2 

113-6 

1656 


Grams 
66-7 
782 
66-6 




It will be remarked, for instance, from this table that whilst the 

51 These figures show that the co-efficient of solubility decreases with an increase of 
pressure, notwithstanding that the carbonic anhydride approaches a liquid state. As a 
matter of fact, liquefied carbonic anhydride does not intermix with water, and does not 
exhibit a rapid increase in solubility at its temperature of liquefaction. This indicates, 
in the first place, that solution does not consist in liquefaction, and in the second place 
that the solubility of a substance is determined by a peculiar attraction of water for the 
substance dissolving. \V rob lew ski even considered it possible to admit that a dissolved 
gas retains its properties as a gas. This he deduced from experiments, which showed 
that the rate of diffusion of gases in a solvent is, for gases of different densities, inversely 
proportional to the square roots of their densities, jnst as the velocities of gaseoos mole* 
eules (see Note 84). WroblewRki showed the affinity of water, H 3 0, for carbonid 
anhydride, C0 2 , from the fact that on expanding moist compressed oarbonio anhydride 
at 0° under a pressure of 10 atmospheres) he obtained (a fall in temperature 
place from the expansion) a very unstable definite crystalline compound, CO a +8H,0. 
As, according to the researches of Roscoe and his collaborators, ammonia exhibits 
ie deviation at low temperatures from the law of Henry and Dalton, whilst 
the deviation is small, it would appear that the dissociating influence of tern* 
affects all gaseous solution*; that is, at high temperatures, the solutions of all 
wQl follow the law. and at lower temperatures there will in all cases be a deviation 
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pressure increased 10 times, the solubility x>f ammonia only inoreased 
4^ times. 

A number of examples of such cases of the absorption of gases 
by liquids might be cited which do not in any way, even approximately,, 
agree with the laws of solubility. Thus, for instance, carbonic anhy- 
dride is absorbed by a solution of caustic potash in water, and if 
sufficient caustic potash be present it is not separated from the solution 
by a decrease of pressure. This is a case of more intimate chemical 
combination. A correlation less completely studied, but similar and' 
clearly chemical, appears in certain cases of the solution of gases in 
water, and we shall afterwards find an example of this in the solution 
of hydrogen iodide ; but we wil] first stop to consider a remarkable 
application of the law of Henry .and Dal ton " in the case of the solution 
of a mixture of two gases, and this we must do all the more because 
the phenomena which, there take plaoe cannot be foreseen without a 
ctear theoretical representation of the nature of gases. 34 

M The ratio between the pressure and the amount of gas dissolved was discovered by 
Henry in 1805, and Dalton in 1807 pointed ont the adaptability of this law to cases of 
gaseous mixtures, introducing the conception of partial pressures which is absolutely 
necessary for a right comprehension of Dal ton's law. The conception of partial pressures 
essentially enters into that of the diffusion of vapours in gases (footnote 1) ; for the 
pressure of damp air is equal to the sum of the pressures of dry air and of the aqueous 
vapour in it, and it is admitted as a corollary to Dalton's law that evaporation in dry 
'air takes place as in a vacuum. It is, however, necessary to remark that the volume of 
'a mixture of two gases (or vapours) is only approximately equal to the sum of the volumes 
of its constituents (the same, naturally, also refere to their pressures) — that is to say, in 
mixing gases a change of volume occurs, which, although small, is quite apparent when 
Carefully measured. For instance.'in 1888 Brown showed that on mixing various volume* 
of sulphurous anhydride (SO a ) with carbonic anhydride (at equal pressures of 760 mm. 
ajid equal temperatures) a decrease of pressure of 8 9 millimetres Of mercury was 
observed. The possibility of a chemical action in similar' mixtures is evident from the 
fact that equal volumes of sulphurous and carbonic anhydrides at —19° form, according, 
to Pictet'e researches in 1888, a liquid which may be regarded as an unstable chemical, 
Compound, or a solution similar to that given when sulphurous anhydride and water 
combine to an unstable chemical whole.- 

5*. The origin of the kinetic theory of gases now generally accepted, according to 
which they are animated by a rapid progessive motion, is very ancient (Qernouilli and 
others in the last century had already developed a similar representation), but it was 
only generally accepted after the mechanical theory of heat had been established, and 
after the. work of Kronjg (1855), and -especially after .its mathematical side had been 
Worked out by Clausius and Maxwell. The pressure, elasticity, diffusion, and internal 
friction of gases, the laws of Boyle, Mariotte, and of Gay-Lussao and Avogadro-Gerhardt 
Are not only explained (deduced) by the kinetic theory of gases, but also expressed with 
perfect exactitude; thus, for example, the magnitude of the internal friction of different 
gases was foretold with exactitude, by Maxwell, by applying the theory of probabilities 
to the impact of gaseous particles, The kinetic theory of gases must therefore be- 
considered as one of the most brilliant acquisitions .of the latter half of the present 
oentury. The velocity of the progressive motion of the particles of a gas, one cnbio 
centimetre of which weighs d grams, is found, according to the theory, to be equal to 
the square root of the product of tpDq divided by ^ where p is the pressure under which' 
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Tfut law of partial pressures is as follows :— The Bolubility of gases 
in intermixture with each other does not depend on the influence of 
the total pressure acting on the mixture, but on the influence of that 
portion of the total pressure .which is due to the volume oieach given 
gas in the mixture. Thus, for instance, if oxygen and carbonic 
anhydride were mixed in equal volumes and exerted a pressure of 760 
millimetres, then water would dissolve so much of each of these gases 
as would be dissolved if each separately exerted a pressure of half an 
atmosphere, and in this case, at 0° one cubic centimetre of water would 
dissolve 0*02 cubic centimetre of oxygen and 090 cubic centimetre of 
carbonic anhydride. If the pressure of a gaseous mixture equals A, 
and in n volumes of the mixture there be a volumes of a given gas, 

d is determined expressed in centimetres of the mercury column, D the weight of a cubio 
centimetre of mercury in grams (D = l$59,p = 76, consequently the normal pressure - 
1,033 grams on a sq. cm.), and g the acceleration of gravity in centimetres (p* 960*6, 
at the sea level and long. 45° = 9810£ at St. Petersburg; in general it varies with the 
longitude and altitude of the locality). Therefore, at 0° the velocity of hydrogen is 1,843, 
and of oxygen 461, metres per second. This is the average velocity, and (according to 
Maxwell and others) it is probable that the velocities of individual particles are different; 
that is, they occur in, as it were, different conditions of temperature, which it is very 
important to take into consideration in investigating many phenomena proper to matter. 
It is evident from the above determination of the velocity of gases, that different gases 
at the same temperature and pressure have average velocities, which are inversely pro- 
portional to the Bquare roots of their densities; this is also "shown by direct experi-' 
ment on the flow of gases through a fine orifice, or through a porous wall. This d\9- 
timilar velocity of flow for different gases is frequently taken advantage of in chemical 
researches (nee Chap. II. and also Chap. VlL) in order to separate two gases having 
different densities snd velocities. The difference of the velocity of flow of gases also 
determines the phenomenon cited in the following footnote for demonstrating the exist- 
ence of an internal motion in gases. 

If for a certain mass of a gas which fully and exactly follows the laws of Mariotte 
and Gay-Lassac the temperature t and the pressure p be changed simultaneously, then 
the entire change would be expressed by the equation pv-C (1 + at), or, what is tho 
same, pv =» RT, where T= t + 273 and C and B are constants which vary not only with the 
units taken but with the nature of the gas and its mass. But as there are discrepancies 
from both the fundamental laws of gases (which will be discussed in the following 
chapter), and as, on the one hand, a certain attraction between the gaseous molecules 
muBt be admitted, while on the other hand the molecules of gases themselves must 
occupy a portion of a space, hence for ordinary gases, within any considerable variation 
of pressure and temperature, recourse should be had to Van der Waal's formula— 



(* + ",)(*-*> = * U + *) 



where a is the true co-efficient of expansion of gases. 

The formula of Van der Waals has an especially important significance in the case 
of the passage of a gas into a liquid state, because the fundamental properties of both 
ffasea and liquids are equally well expressed by it, although only in their general 




The further development of the questions referring to the subjects tere touched on, 
wtneh are of especial interest for the theory of solutions, must be looked for in special 
snlrs and works on theoretics! and physical chemistry. A small part of this subject 
be partially considered in the footnotes of the following chapter. 



Digitized by 



Google 



ON WATER AND ITS COMPOUNDS 83 

then its solution will proceed as though this gas were dissolved under 

A x a 

a pressure . That portion of the pressure under influence of 

n 

which the solution proceeds is termed the ' partial ' pressure. 

In order to clearly understand the cause of the law of partial 
pressures, au explanation must be given of the fundamental properties 
of gases. Gases are elastic and disperse in all directions. We are 
led from what we know of gases to the assumption that these funda- 
mental properties of gases are due to a rapid progressive motion, in 
all directions, which is proper to their smallest particles (molecules). 34 
These molecules in impinging against an obstacle produce a pressure. 
The greater the number of molecules impinging against an obstacle in 
a given time, the greater the pressure. The pressure of a separate gas 
or of a gaseous mixture depends on the sum of the pressures of all the 
molecules, on the number of blows in a unit of time on a unit of 
surface,' and on the mass ar\d velocity (or the vis viva) of the impinging 
molecules. The nature of the different molecules is of no account ; 
the obstacle is acted on by a pressure due to the sum* of their vis viva. 
But, in a chemical action such as the solution of gases, the nature of 
the impinging molecules plays, on the contrary, the most important 
part In impinging against a liquid, a portion of the gas enters into 
the liquid itself, and is held by it so long as other gaseous molecules 
impinge against the liquid— exert a pressure on it As regards the 
solubility of a given gas, for the number of blows it makes on the 
surface of a liquid, it is immaterial whether other molecules of gases 

85 Although the actual motion o! gaseous molecules, which is accepted by the 
kinetio theory of gases, cannot be seen, yet its existence may be rendered evident by 
taking advantage of the difference in the velocities undoubtedly belonging to different 
gases which are of different densities under equal pressures. The molecules of a 
light gas must move more rapidly than the molecules of a heavier gas in order to pro- 
duce the same pressure. Let us take, therefore, two gases— hydrogen and air; the 
former is 14 4 times lighter than the latter, and hence the molecules of hydrogen must 
.move almost four times more quickly than air (more exactly 3*8, according to the formula 
given in the preceding footnote). Consequently, if a porous cylinder containing air is 
introduced into an atmosphere of hydrogen, then in a given time the volume of hydrogen 
whioh succeeds in entering the cylinder will be greater than the volume of air leaving 
the cylinder, and therefore the pressure inside the cylinder will rise until the gaseous 
mixture (of air and hydrogen) attains an equal density both inside and outside the 
cylinder. If now the experiment be reversed and air surround the cylinder, and 
I hydrogen be inside the cylinder, then more gas will leave the cylinder than enters it, and 
hence the pressure inside the cylinder will be diminished. In these considerations we 
have replaced the idea of the number of molecules by the idea of volumes. We shall 
learn subsequently that equal volumes of different gases contain an equal number of 
molecules (the law of Avogadro-Gerhardt), and therefore instead of speaking of the 
anrnber of molecules we can speak of the number of volumes. If the cylinder be par- 
tially immersed in water the rise and fall of the pressure can be observed directly, an4i 
the experiment consequently rendered self-evident 
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impinge side by aide with it or not. Hence, the solubility of a given 
gas will be proportional, not to the total pressure of a gaseous mixture, 
but to that portion of it which is due to the given gas separately. 
Moreover, the saturation of a liquid by a gas depends on the fact that 
the molecules of gises that have entered into a liquid do not remain 
at rest in it, although they enter in a harmonious kind of motion with 
the molecu'es of the liquid, and therefore they throw themselves off 
from the surface, of the liquid (just like its vapour if the liquid be 
volatile). If in a unit of time an equal number of molecules penetrate 
into (leap into) a liquid and leave (or leap out of) a liquid, it is 
saturated. It is a case of mobile equilibrium, and not of rest. There- 
fore, if the pressure be diminished, the number of molecules departing 
from the liquid will exceed the number of molecules entering into the 
liquid, and a fresh state of mobile equilibrium only takes place under a 
fresh equality of the number of molecules departing from and entering 
into the liquid. In this manner the main features of the solution are 
explained, and furthermore of that special (chemical) attraction (pene- 
tration and harnlbniou8 motion) of a gas for a liquid, which determines 
both (he measure of solubility and the degree of stability of the 
solution produced. 

The consequences of the law of partial pressures are exceedingly 
numerous and important. All liquids in naturo are in contact with the 
atmosphere, which, as we shall afterwards see more fully, consists of 
an intermixture of gases, chiefly four in number— oxygen, nitrogen, 
carbonic anhydride, and aqueous vapour. 100 volumes of air contain, 
approximately, 78 volumes of nitrogen, and about 21 volumes of 
oxygen ; the quantity of carbonic anhydride, by volume, does not 
exceed 0*05. Under ordinary circumstances, the quantity of aqueous 
vapour is much greater than this, but it varies of course with climatic 
conditions. We conclude from these numbers that the solution of 
nitrogen in a liquid in contact with the atmosphere will proceed under 
a partial pressure of ^ x 760 mm, if the atmospheric pressure equal 
760 mm. ; similarly, under a pressure of 600 mm. of mercury, the- 
solution of oxygen will proceed under a partial pressure of about 
160 mm., and the solution of carbonic anhydride only under the very 
small pressure of 04 mm. As, however, the solubility of oxygen in 
water is twice that of nitrogen, the ratio of O to N dissolved in water 
will be greater than the ratio in air. It is easy to calculate what 
quantity of each of the gases' will be contained in water, and taking 
the simplest case we will calculate what quantity of oxygen, nitrogen, 
and carbonic anhydride will be dissolved from air having the above 
composition at 0° and 760 mm. pressure. Under a pressure of 760 mm*. 
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1 cubic centimetre of water dissolves 0*0203 cubic centimetre of nitrogen 
or under the partial pressure of 600 mm. it will dissolve 0*0203 x ?$#; 
or 0160 cubic centimetre ; of oxygen 00411 x !$#, or 0*0085 cubic cen- 
timetre ; of carbonic anhydride 1*8 x ^^ or 0*00095 cubic centimetre : 

760 

hence, 100 cubic centimetres of water will contain at 0° altogether 

2 55 cubic centimetres of atmospheric gases, and 100 volumes of air 
dissolved in water will contain about 62 p.c. of nitrogen, 34 p.c. of 
oxygen, and 4 p.c. of carbonic anhydride. The water of rivers, wells, 
•Ac. usually contains more carbonic anhydride. This proceeds from 
the oxidation of organic substances falling into the water. The amount 
of oxygen, however, dissolved in water appears to be actually about J 
the dissolved gases, whilst air contains only £ of it by volume. 

According to the lav of partial pressures, whatever gas be dissolved 
in water will be expelled from the solution in an atmosphere of another 
gas. This depends on the fact that gases dissolved in water escape 
from it in a vacuum, because the pressure is nil. An atmosphere of 
another gas acts like a vacuum on a gas dissolved in water. Separation 
then proceeds, because the molecules of the dissolved gas no longer 
impinge upon the /liquid, are not dissolved in it, and those previously 
held in solution leave the liquid in virtue of their elasticity. 36 For the 

84 Here two cases occur ; either the atmosphere surrounding the solution may be 
limited, or it may be proportionally so vast as to be unlimited, like the earth's atmo- 
sphere. If a gaseous solution be brought into an atmosphere of another gas which is 
limited — for instance, as in a closed Tessel — then a portion of the gas held in solution 
will be expelled, and thus pass over into the atmosphere surrounding the solution, and 
will produce its partial pressure. Left us imagine that water saturated with carbonio 
anhydride at 0° and under the ordinary pressure is brought into an atmosphere of a gas 
which is not absorbed by water ; for instance, that 10 c.c. of an aqueous solution of car- 
bonic anhydride is introduced into a Tessel holding 10 cc of such a gas. The solution 
will contain 18 ex. of carbonic anhydride. The expulsion of this gas proceeds until a 
etat9 of equilibrium is arrived at. The liquid will then contain a certain amount of 
carbonio anhydride, which is retained under the partial pressure of that gas which has 
been expelled. Now, how much gas will remain in the liquid and how much will pass 
over into the surrounding atmosphere ? In order to solve this problem, let us suppose 
that x cubic centimetres of carbonic anhydride are retained in the solution, It is evident 
that the amount of carbonio anhydride which passed over into the surrounding atmo- 
sphere will be 18-*, and the total volume of gas will be 10+18-* or 98-* cubic centi- 
metres. The partial pressure under which the carbonic anhydride is then dissolved will 
be (supposing that the common pressure remains constant the whole time) equal to 

,-r— ^, hence there is not in solution 18 ex. of carbonio anhydride (as would be 
88— 

the case were the partial pressure equal to the atmospheric pressure), but only 
-18 :?•"*, which is equal to *, and we therefore obtain the equation 18 -Z* «», 



\ 3*8*69. Again, where the atmosphere into which the gaseous solution is intro- 
duced is not only that of another gas but also unlimited, then the gas dissolved will, on 
jpessing over from the eolation, diffuse into this atmosphere, and produce an inflnikly 
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same reason a gas may be entirely expelled from a gaseous solution bf 
boiling— at least, in many cases when it does not form particularly 
stable compounds with water. In fact the surface of the boiling liquid 
will be occupied by aqueous vapour, and therefore all the pressure 
acting on the gas will be due to the aqueous vapour. On this account, 
the partial pressure of the dissolved gas will be very inconsiderable, and* 
this is the sole reason why a gas separates from a solution on boiling 
tlie liquid containing it. At the boiling point of water the solubility 
of gases in water is still sufficiently great for a considerable quantity- 
of a gas to remain in solution. The gas dissolved in the liquid is* 
XMtrried away, together with the aqueous vapour ; if boiling be con- 
tinued for a long time, all the gas will finally be separated. 37 

It is evident that the conception of the partial pressures of gases 
should be applied not only to the formations of solutions, but also to all 
cases of chemical action of gases. Especially numerous are its appli- 
cations to the physiology of respiratipn, for in these cases it is only the 
oxygen of the atmosphere that acts.* 8 

small pressure in the unlimited atmosphere. Consequently, no gas ean be retained in 
solution under this infinitely small pressure, and it will be entirely expelled from the 
solution. For this reason water saturated with a gas which is not oont&ined in air, will 
be entirely deprived of tha dissolved gas if left exposed to the air. Water also passes 
off from a solution into the atmosphere, and it is evident that there might be such a 
cose as a constant proportion between the quantity of water vaporised and the quantity 
of a gas expelled from a solution, so that not the gas alone, but the entire gaseous solu- 
tion, would pass off. A similar case is exhibited in solutions which are not decomposed 
by heat (such as those of hydrogen chloride and iodide), as will afterwards be considered. 
87 However, in those cases when the variation of the co-efficiont of solubility with the 
temperature is not sufficiently great, and when a known quantity of aqueous vspour 
and of the gas passes off from a solution at the boiling point, an atmosphere may be 
obtained having the same composition as the liquid itself. In this case the amount of 
gas passing over into such an atmosphere will not be greater than that held by the 
liquid, and thoroforo such a gaseous solution will distil over unchanged. The solution 
will then represent, like a solution of hydriodic acid in water, a liquid which is no! 
altered by distillation, while the pressure under which this distillation takes place re- 
mains constant. Thus in all its aspects solution presents gradations from the most feeble 
affinities to examples of intimate chemical combination. The amount of heat evolved in 
the solution of equal volumes of different pases is in distinct relation with these variations 
of stability and solubility of different gases. 22-3 litres of the following gases (at 7fl6 
mm. pressure) evolve the .following number of (gram) units of heat in dissolving in ft 
large mass of water ; carbonic anhydride 5,600, snlphurous anhydride 7,700, ammonia 
8,800, hydrochloric acid 17,400, and hydriodic acid 10,400. The two last-named gases, 
which are not expelled from their solution by boiling, evolve approximately twice as 
much heat as gases like ammonia, which are separated from their solutions by boiling, 
whilst gases which are only slightly soluble evolve very much less heat. 

** Among the numerous researches concerning this subject, certain results obtained 
by Paul Bert are cited in Chapter III., and we will here point out that Prof. SechenofI, 
In his researches on the absorption of gases by liquids, very fully investigated the 
phenomena of the solution of carbonic anhydride in solutions of various salts, anil 
arrived at many important results, which showed that, on the one hand, in the solution 
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The solution of $olid$ t whilst depending only in a small measure on. 
the pressure under which solution takes place (because solids and 
liquids are almost incompressible), is very clearly dependent on the 
temperature. In the great majority of cases the solubility of solids in 
water increases with the temperature ; and further, the rapidity of 
solution increases also. The latter is determined by the rapidity of 
diffusion of the solution formed into the remainder of the water. The 
solution of a solid in water, although it is as with gases, a physical 
passage into a liquid state, is determined, however, by its chemical 
affinity for water ; this is clearly shown from the fact that in solution- 
there occurs a diminution in volume, a change in the boiling point of 
water, a change in the tension of its vapour, in the freezing point, and 
in many similar properties. If solution were a physical, and not a 
chemical, phenomenon, it would naturally be accompanied by an 
increase and not by a diminution of volume, because generally in 
melting a solid increases in volume (its density diminishes). Contraction 
is the usual phenomenon accompanying solution and takes place even 
in the addition of solutions to water, 39 and in the solution of liquids 
in water, 40 just as happens in the combination of substances when 

of carbonic anhydride in solutions of salts on which it is capable of acting chemically (for 
example, sodium carbonate, borax, ordinary sodium phosphate), there is not only an 
increase of solubility, but also a distinct deviation from the law of Henry and Dalton ; 
whilst, on the other hand, that solutions of salts which are not acted on by carbonio 
anhydride (for example, the chlorides, nitrates, and sulphates) absorb less of it, owing to 
the ' competition ' of the salt already dissolved, and follow the law of Henry and Dalton, 
but at the same time show undoubted signs of a chemical action between the salt, water, 
and carbonic anhydride. Sulphuric acid (whose co-efficient of absorption is 92 vols, per 
100), when diluted with water, absorbs less and less carbonio anhydride, until the hydrate 
H-jS0 4 ,H 9 (co-eff. of absorption then equals 66 vols.) is formed; then on further 
addition of water the solubility again rises until a solution of 100 p.c of water it 
obtained. 

38 Kramers made this observation in the following simple form : —He took a narrow* 
necked flask, with a mark on the narrow part (like that on a litre flask which is used for 
accurately measuring liquids), poured water into it, and then inserted a funnel, having a 
fine tube which reached to the bottom of the flask. Through this funnel he carefully 
poured a solution of any salt, and (having removed the funnel) allowed the liquid to 
attain a definite temperature (in a water bath) ; he then filled the flask up to the mark 
with water. In this manner two layers of liquid were obtained, the heavy saline solution 
below and water above. The flask was then shaken in order to accelerate diffusion, anal 
it was observed that the volume became less if the temperature remained constant* 
This can be proved by calculation, if the specific gravity of the solutions and water be 
known. Thus at 15° one c.c. of a 20 p.c solution of common salt weighs 1*1500 gram, 
hence 100 grams occupy a volume of 86*96 cc As the sp. gr. of water at 16° =099916, 
therefore 100 grams of water occupy a volume of 100*08 c.c The sum of the volumes is 
187*04 cc After mixing, 800 grams of a 10 px. solution .are obtained. Its specific gravity 
is 1*0725 (at 15 c and referred to water at its maximum density), hence the 200 grama 
will occupy a volume of 186*48 cc The contraction is consequently equal to 0*56 cc 

«° The contractions produced in the case of the solution of sulphuric acid in water 
Van shown in the diagram Fig. 17 (page 77). Their maximum is 101 cc per 100 cc of 
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evidently netr substances are produced. 41 The contraction ^rhich takes 
place in solution is, however, very small, a fact whidh depends on the 
•mall compressibility of solids and liquids, and on the insignificance of 
the compressing foroe acting in solution. 42 The change of volume which 
takes place in the solution of solids and liquids, or the alteration in 
specific gravity 43 corresponding with it, depends on peculiarities of the 
dissolving substances, and of water, and, in the majority of cases, L* not 
proportional to the quantity of the substance dissolved, 44 showing the 

the solution formed. A maximum contraction of 4*15 at 0°, 8*78 at 15°, and 8 50 at 80°, 
takes place in the solution of 46 parts by weight of anhydrous alcohol in 64 parts of 
water. This signifies that if, at 0°, 46 parts by weight of alcohol be taken per 54 parts 
by weight of water, then the sum of their separate volumes will be 10415, and after 
mixing their total volume' will be 100. 

4i This subject will he considered later in this work, and we shall then see that the 
contraction produced in reactions of combination (of solids or liquids) is very variable 
in its amount, and that there are, although rarely, reactions of combination in which 
contraction does not take place, or when an increase of volume is produced. 

o The oompressibility of solutions of common salt is less, according to Grassi, than 
that of water. At 19° the compression of water per million volumes « 48 vols, for a 
pressure of one atmosphere; for a 15 p.c solution of common salt it is 8ft, and for a 84 
p.o. solution 20 vola. Similar determinations were made by Brown (1887) for saturated 
solution* of sal ammoniac (88 vols.), alum (46 vols.), common salt (27 vols.), and sodium 
sulphate at + 1°, when the compressibility of water « 47 per million volumes. This 
Investigator also showed that substances which dissolve with an evolution of heat and 
With an increase in volume (as, for instance, sal ammoniac) are partially separated from 
their saturated solutions by an increase of pressure (this experiment was particularly 
conclusive in the case of sal ammoniac), whilst the solubility oi substances which dissolve 
with an absorption of heat or diminution in volume increases, although very slightly, 
with an inereate of pressure. 8orby observed the same phenomenon with common 
■alt (1868). 

** The most trustworthy data relating to the variation of the specific gravity of 
solutions with a ohange of their composition and temperature, are collected and dia> 
eussod in my work cited in footnote 19. The practical (for the amount of a substance in 
solution is determined by the aid of the specific gravities of solutions, both in works snd 
in laboratory practice) and the theoretical (for specjfic gravity can be more accurately 
observed than other properties, and because a variation in specific gravity governs the 
variation of many other properties) interest of this subject, besides the strict rules and 
laws to which it is liable, make one wish that this province of data concerning solutions 
may soon be enriched by further observations of as accurate a nature as possible. Their 
collection does not present any great difficulty, although requiring mnoh time and atten* 
tion. Pickering in London and Tourbaba in Kharkoff must be ranked first among those 
who hare pursued problems of this nature during recent years. 

44 Inasmuch as the degree of change exhibited in many properties on the formation off 
eolations is not large, so, owing to the insufficient accuracy of observations, a proportion- 
ality between this change and a change of composition may, in a first rough approxima- 
tion and especially within narrow limits of change of composition, easily be imagined in 
ea*es where it does not even exist. The conclusion of Michel and Kraft is particularly 
instructive in this respect ; in 1854, on the basis of their incomplete researches, they 
supposed that the increment of the specific gravity of solutions was proportional to the 
increment of a salt in a given volume of a solution, which is only true for determinations 
of specific gravity which are exact to the second decimal place—an accuracy insufficient 
even for technical determinations. Accurate measurements do not confirm a propor- 
tionality either fn this case or in many others where a ratio has been generally accepted} 
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existence of a chemical force between the solvent and the substance 

dissolved which is of the same nature as in all other forms of chemical 

reaction. 45 

The feeble development of the chemical affinities acting in solutions 

of solids becomes evident from those multifarious methods by which 

as, for example, for the rotatory power (with respect to the plane of polarisation) of solu- 
tions, and for their capillarity, &c Nevertheless, such a method is not only still made 
use of, but even has its advantages when applied to solutions within a limited scope — as, 
for instance, very weak solutions, and for a first acquaintance with the phenomena 
accompanying solution, and also as a means for facilitating the application of mathe- 
matical analysis to the investigation of the phenomenon of solution. Judging by the 
results obtained in my researches on the specific gravity of solutions, I think that in 
many oases it would be nearer the truth to take the change of properties as proportional, 
sot to the amount of a substance dissolved, but to the product of this quantity and the 
amount of water in which it is dissolved^; the more so since many chemical relations 
vary in proportion to the reacting masses, and a similar ratio has been established for 
many phenomena of attraction studied bj mechanics. This product is easily arrived at 
when the quantity of water in the solutions to be compared- is constant, as is shown in 
investigating the fall of temperature in the formation of ice (see footnote 49, p. 91). 

45 All the different forms of chemical reaction may be said to take place in the process 
of solution. (1) Combinations between the solvent and the substance dissolved, which 
are more or less stable (more or less dissociated). This form of reaction is the most 
probable, and is that most often observed. (2) Reactions of substitution or of double 
decomposition between the molecules. Thus it may be supposed that in the solution of 
sal ammoniac, NIL, CI, the action of water produces ammonia, NH4HO, and hydrochlorio 
acid, HC1, which are dissolved in the water and simultaneously attract each other. As 
'these solutions and many others do indeed exhibit signs, which are sometimes indis- 
putable, of similar double decompositions (thus solutions of sal-ammoniac yield a certain 
amount of ammonia), it is probable that this form of reaction is more often met with 
than is generally thought. <8) Reactions of isomerism or replacement are also probably 
met with in solution, all the more as here molecules of different kinds come into intimate 
contact, and it is very likely that the configuration of the atoms in the molecules under 
these influences is somewhat different from what it was in its original and isolated 
state. One is led to this supposition especially from observations made on solutions of 
substances which rotate the plane of polarisation (and observations of this* kind are very 
sensitive with respect to the atomic structure of molecules), because they show, for 
example (according to Schneider, 1881), that strong solutions of malic acid rotate the 
plane of polarisation to the right, whilst its ammonium salts in all degrees of concentra- 
tion rotate the plane of polarisation to the left. (4) Reactions of decomposition under 
the influences of solution are not only rational in themselves, but have in recent years 
been recognised by Arrhenius, Ostwald, and others, particularly on the basis of electro- 
lytic determinations. If a portion of the molecules of a solution occur in a condition of 
decomposition, the other portion may occur in a yet more complex state of combination, 
Just as the velocity of the motion of different gaseous molecules may be far from being 
the same (see Note 84, p. 81). 

It is, therefore, very probable that the reactions talcing place in solution vary both 
.quantitatively and qualitatively with the mass of water in the solution, and the great 
4ifficulty in arriving at a definite conclusion as to the nature of the chemical relations 
which take place in the process of solution will be understood, and if besides this 
the existence of a physical process, like the slicing between and interpenetration of 
two homogeneous liquids, be also recognised in solution, then the complexity of the 
problem as to the actual nature' of solutions, which is now to the fore, appears in its 
true light. However, the efforts which are now being applied to the solution of this 
tptoblcm are so numerous and of such varied aspect that they will afford future 
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their eoYutiom are decomposed, whether they be saturated or not. Oft 
heatrag^aUorption of heat), on cooling, and by internal forces alone, 
aqueous solutions in many cases separate into their component* or their 
definite compounds with water. The water contained in dotations is 
removed from them as vapour, or, by freezing, in the form of ice, 46 but 
the tension of the vapour of water 41 held in solution is less than that of 
water in a free state, and tho temperature of die formation of ice from 
solutions is lower than 0° Further, both the diminution of vapour ten* 
sion and the lowering of the freezing point proceed, in dilute solutions* 
almost in proportion to the amount of a substance dissolved. 40 Thus, if 

investigators a rut mm of material .towards the construction of * complete theory 
absolution. 

For my pert, 1 em of opinion that the study of the physical properties of solutions 
(end especially of weak ones) which now obtains, cannot give any fundamental and com* 
pleie solution of the problem whatever (although it should add much to both the 
provinces of physics and ohemistry), but that, parallel with it, should be undertaken the 
study of the influence of temperature, and especially of low temperatures, the application 
to solutions of the meohanical theory of beat, and the comparative study of the che mic al 
properties of solutions. The beginning of all this is already established, but it Is 
impossible to consider in so short art exposition of chemistry the .further efforts of this 
kind which have been made up to the present date. 

** If solutions are regarded as being in a state of dissociation (see footnote 19, p. 64) it 
would be expected that they would contain free molecules of water, which form one of th# 
products of the decomposition of those definite compounds whose formation is the cause 
of solution. In separating as ice or vapour, water makes, with a solution, a heteroge- 
neous system (made up of substanoes in different physical states) similar, for instance, 
to the formation of a precipitate or volatile substance in reactions of double decern* 
position. * 

«* If the substance dissolved is non-volatile (like salt or sugar), or only slightly vola» 
tile, then the whole of the tension of the vapour given off is due to the water, but if a 
solution of a volatile substance— for instance., a gas or a volatile liquid— evaporates, then 
only a portion of the pressure belongs to the water, and the whole pressure observed 
consists of the sum of the pressures of the vapours of the water and of the substance 
dissolved. The majority of researches bear on the first case, which will be spoken of 
presently, and the observations of D. P. Koooveloff (1881) refer to the second case. He 
showed that in the case of two volatile liquids, mutually soluble in each other, forming 
two layers of saturated solutions (for example, ether and water, Note 90, p. 67), both solo* 
tions have sn equal vapour tension (in the case in point the tension of both is equal to 
481 mm. of mercury at 19*8°). Further, he found that for solutions which are formed 
in all proportions, the tension is either greater (solutions of alcohol and water) or lees 
(solutions of form to acid) than that which answers to tho rectilinear change (proportional 
to the composition) from the tension of water to the tension of the substance dissolved ; 
thus, the tension, for example, of a 70 p.c. solution of formic acid is less, at all tempera- 
tures, than the tension of watei 1 and of formic' acid itself. In this case the tension of a 
solution is never equal to the sum of the tensions of the dissolving liquids, as Begnault 
already showed when he distinguished this case from that in which a mixture of liquids, , 
which are insoluble in each other, evaporates. From this it is evident that a mutual 
action occurs in solution, which* diminishes the vapour tensions proper to the individual 
substances, as would be expected on the supposition of the formation of compounds to 
solutions, because the elasticity then always diminishes. 

46 This amount is usually expressed by the weight of the substance dissolved pew 
100 parte by weight of water. Probably it would be better to express it by the quantity of 
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per 100 grams of water there be in solution 1, 5, 10 grams of common 
salt (NaCl), then at 100° the vapour tension of the solutions decreases 
by 4, 21, 43 mm. of the barometric column, against 760 mm., or the 
vapour tension of water, whilst the freezing points are — 0*58°, — 2*91°, 
and — 6*10* respectively. The above. figures 4 * are almost proportional 

the substance in a definite volume of the solution— for instance, in ft litre— or by the 
ratios of the number bf molecules of water and, of the substance dissolved. 

** The variation of the vapour tension of solutions has been investigated by man/* 
The best known researches are those of Wullher in Germany (1858-1860) and of Tamman 
in Russia (1887). The researches on the temperature of the formation of ice from various 
solutions are also very numerous; Blagden (1788), RUdorff (1861), and De Coppet (1871) 
established the beginning, but this kind of investigation takes its chief interest from the 
work of Raoult, begun in 1882 on aqueous solutions, and afterwards continued for solu- 
tions in various other easily froten liquids — for instance, benzene, C ft H<, (melts at 4*96°), 
acetic acid, C2H4O* (16-75°)* and others. An, especially important interest is attached to 
these cryoscopic investigations of Raoult in France on the depression of the freezing 
point, because he took solutions of many well-known carbon-compounds and discovered 
a simple relation between the molecular weight of the substances and the temperature 
of crystallisation of the solvent, which enabled this kind of research to be applied to the 
Investigation of the nature of substances. We shall meet with the application of this 
method later on (see also Chapter VII.), and at present will only cite the deduction 
arrived at from these results. The solution of one-hundredth part of that molecu ar 
gram weight which corresponds with the formula of a substance dissolved (for example, 
NaCl = 685, CjH<,0=4©, &c) in 100 pans of a solvent lowers the freezing point of its 
solution in water 0*185°, in benzene 0*49°, and in acetio acid 0*89°, or twioe as much as 
with water. And as in weak solutions the depression or fall of freezing point is propor- 
tional to the amount of the substance dissolved, it follows that the fall of freezing point 
for all other solutions may be calculated from this rule. So, for instance, the weight 
which corresponds with the formula of acetone, C s H e O is 68 ; a solution containing 2*42, 
CM, and 12 35 grams of acetone per 100 grams of water forms ice (according to the 
determinations of Beckmann) at 0*770°, 1*930°, and 8*820°, and these figures show that 
with a solution containing 58 gram of acetone per 100 of water the fall of the tempera- 
ture of the formation of ice will be 0165°, 0*180°, and 0*179°. It must be remarked that 
the law of proportionality between the fall of temperature of the formation of ice, and 
the composition of a solution, is in general only approximate, and is only applicable to 
weak solutions (Pickering and others). 

We will here remark that the theoretical interest .of this subject was strengthened 
on the discovery of the. connection existing between the fsll of tension, the fall of the" 
temperature of the formation of ice, of osmotic pressure (Van't Hoff, Note 19), and of the 
electrical conductivity of solutions, and we will therefore supplement what we have 
already said on the subject by some short remarks on the method of cryoscopio investi- 
gations, although the details of the subject form the subject of more special works on 
physical chemistry (such as Ostwald's Lehrbuch der allgememen Chemie. 1891-1894, 
9 vols.) 

In order to determine the temperature of the formation of ice (or of crystallisation 
of other solvents), a solution of known strength is prepared and poured into a cylindrical 
ressel surrounded by a second similar, vessel, leaving a layer of air between the two, which, 
being a bad conductor, prevents any rapid change of temperature. The bulb of a sensi- 
tive and corrected thermometer is immersed in the solution, and also a bent platinum, 
wire for stirring the solution \ the whole is then cooled (by immersing the apparatus m 
a freezing mixture), and the temperature at which ice begins to separate observed. If 
the temperature at first falls slightly lower, it nevertheless becomes constant when Ice 
begins to form. By then allowing the liquid to get just warm, and again observing the 
temperature of the formation of ice, an exa<*^tennination may be arrived ak It is still 
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to the amounts of salt m eolation (1, 5, and 10 per 100 of water). 

Furthermore, it has been shown by experiment that the ratio of the 

better to take * large mess of solution, end indnoe the formation of the first crystals by 
dropping a small lamp of ioe into the solntion already partially over-cooled. This only 
imperceptibly changes the composition of the solution. The observation should be made 
at the point of formation of only a very small amount of crystals, as otherwise the 
composition of the solution will become altered from their separation. Every precaution 
must be taken to prevent the access of moisture to the interior of the apparatus, which 
might also alter the composition of the solution or properties of the solvent (for instance, 
when lining acetio acid). 

With respect to the depression of dilute solutions it is known— (1) That the depression 
increases in almost direct proportion to the amount of the substance in solution (always 
per 100 parts of water), for example, for KC1 when the solution contains 1 part of sslt 
(per 100 ptrts of water) the depression =04 5 ', when the solution contains 3 parts of salt 
«0*90°, with 10 parts of salt •= 4'4° (2) The greater the molecular weight expressed by 
she formula (see Chapter VII.), and designated by M, the less, under other similar condi- 
tions, will be the depression d, and therefore if the concentration of a solution (the 
amount by weight of substsnce dissolved per 100 parts of water) be designated by », then 

the fraction M- or the molecular depression for a given class of substances mill be a 

P 
constant quantity ; for example, in the case of methyl alcohol in water 17 3, for acetone 
about 180, for sugar about 18 5. (8) In general the molecular depression for substances 
whose solutions do not conduct an electric current is about 186, while for acids, salts, 
and such like substances whose solutions do conduct electricity, it is t times greater ; for 
instance, for HC1, KI, HN0 3 , KHO, &c, about 86 (» is nearly 3), for borax about 66, and 
•o on where i varies in the same manner as it does in the case of the osmotic pressure of 
solutions (Note 10). (4) Different solvents (water, acetic acid, benzene, Arc.) have each 
their corresponding constants of molecular depression (which have a certain remote 
Connection with their molecular weight) ; for example, for acetio acid the molecular 
depression is about 89 and not 19 (as it is for water), for benzene 49, for methyl alcohol 
about 17, Arc. (5) If the molecular weight M of a substance be unknown, then in the 
Case of non-conductors of electricity or for a given group, it may be found by determining 
the depression, d, for a given concentration,^ ; for example, in the case of peroxide of 
hydrogen, which is a non-conductor of electricity, the molecular weight, M, was found to 
be nearly 84, i.e. equal to HaO*. 

Similar results have also been found for the fall in the vapour tension of solutions 
(Note 51), and for the rise of their boiling points (hence these data may also serve for 
determining the molecular weight of a substance in solution, as is shortly described in 
Chapter VII., Note 27 b "). And as these conclusions are also applicable in the case of 
osmotic pressure (Note 19), and a variation in the magnitude of i, in passing from solu- 
tions which do not conduct an electric current to those which do conduct electricity is 
everywhere remarked, so it was natural to here seek that causal connection which Arr- 
benius (1888), Ostwald, and others expected to find in the supposition that a portion of 
the substance of the electrolyte is already decomposed in the very act of solution, into 
its ions (for example, NaCl into Na and CI), or into the atoms of those individual sub- 
stances which make their appearance in electrolysis, and in this way to explain the fact 
that t is greater for those bodies which conduct an electric current We will not consider 
here this supposition, known as the hypothesis of ' electrolytic dissociation,' not only 
because it wholly belongs to that special branch— physical chemistry, and gives scarcely 
any help towards explaining the chemical relations of solutions (particularly their passage 
into definite compounds, their reactions, and their very formation), but also bocause — (1) 
all the above data (for constant depression, osmotic pressure, Arc.) only refer to dilute 
solutions, and are not applicable to strong solutions ; whilst the chemical interest in 
Strong solutions is not less than in dilute solutions, and the transition from the former 
into the latter is consecutive and inevitable; (2) because in all homogeneous bodies 
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diminution of vapour tension to the vapour tension of water at different' 
temperatures in a giveo*olution is an almost constant quantity,* and 
that for every (dilute) solution the ratio between the diminution of vapour 
tension and of the freezing point is also a tolerably constant quantity. 51 

(although it may be insoluble. and not an electrolyte) a portion of the atoms may be i 
•apposed (Clausius) to be passing from one particle to another (Chapter X., Note 28), 
and as it were dissociated, bat there are do reasons for believing that soeh a phenomenon 
is proper to the solutions of electrolytes only ; (8) because no essential mark of difference 
is observed between the solution of electrolytes and non-conductors, although it might be 
expected there wduld be according to Arrhenius' hypothesis; (4) because it is most 
reasonable to suppose the formation of new, more complex, but unstable and easily disso- 
ciated compounds in the act of solution, than a decomposition, even partial, of the 
substances taken ; (5) because if Arrhenius' hypothesis be accepted it becomes necessary 
to admit the existence in solutions of free ions, like the atoms Cl or Na, without any 
apparent expenditure of the energy necessary for their disruption, and if in this case it 
can be explained why i Chen = 2, it is not at all clear why solutions of HgSO* give » = 1, 
although the solution does conduct an electric current ; (8) because in dilute solutions, 
the approximative proportionality between the depression and concentration may be 
recognised, while admitting the formation of hydrates, with as much right as in admitting 
the solution of anhydrous substances, and if the formation of hydrates be recognised it 
is easier to admit that a portion of these hydrates is decomposed than to accept the 
breaking-op into ions ? (7) because the best conductors of electricity are solutions like the 
sulphates in which it is necessary to recognise the formation of associated systems or 
hydrates ; (8) because the cause of electro-conductivity can be sooner looked for in this 
affinity and this combination of the substance dissolved with the solvent, as is seen from 
the fact, that (D. P. Eonovaloff) neither aniline nor acetic acid alone conduct an electric 
current, a solution of aniline in water conducts it badly (and here the affinity is very 
•mall), while a solution of aniline in acetic acid forms a good electrolyte, in which, without 
doubt, chemical forces are' acting, bringing aniline, like ammonia, into combination with 
the acetic acid ; which is evident from the researches made by Prof. Konovaloff upon 
mixtures (solutions) of aniline and other amines ; and, lastly, (9) because I, together with 
many of the chemists of the present day, cannot regard the hypothesis of electrolytic 
dissolution in the form given to it up to now by Arrhenius and Ostwald, as answering 
to the sum total of the chemical data respecting solutions and dissociation in general. 
Thus, although I consider it superfluous to discuss further the evolution of the above 
theory of solutions, still I think that it would be most useful for students of chemistry to 
consider all the data referring to this subject, which can be found in the Zeittchrift far 
phyrikaluchs Ckemie, 1888-1894. 

M This fact, which was established by Oay-Lussac, Pierson,and v. Babo, is confirmed 
by the latest observations, and enables us to express not only the fall of tension {p-p') 

itself, but its ratio to the tension of water K^l£. j. It is to be remarked -that in the 

absence of any chemical action, the fall of pressure is either very small, or does not 
exist at all (note 88), and is not proportional to the quantity of the substance added. Ae 
a rule, the tension is then equal, according to the law of Dalton, to the sum of the 
tensions of the substances taken. Hence liquids which are insoluble in each other (for 
example, water and chloride of carbon) present a tension equal to the sum of their indi- 
vidual tensions, and therefore such a mixture boils at a lower temperature than the move 
volatile liquid (Magnus, Begnault). 

•* If, in the example of common salt, the fall of tension be divided by the tension of 
water, a figure is obtained which is nearly 105 times less than the magnitude of the fall 
of temperature of formation of ice. line correlation was theoretically deduced by Gold- 
berg, on the basis of the application of the mechanical theory of heat, and is repeated by 
many investigated solutions. 
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The diminution of the vapour tension of solutions explains the rise* 
in boiling point due to the solution, of solid non-volatile bodies m 
water. The temperature of a vapour is the same as that of the solu- 
tion from which it is generated, and therefore it follows that the 
aqueous vapour given off from a solution will be superheated. A 
saturated solution of common salt boils at 103*4°, a solution of 335 
parts of nitre in 100 parts of water at 11 5*9°, and a solution of 325 
parts of potassium chloride in 100 parts of water at 179°, if the 
temperature of ebullition be determined by immersing the thermometer 
bulb in the liquid itself. This is another proof of the bond which) 
exists between water and the substance dissolved. And this bond isj 
seen still more clearly in those cases (for example, in the xolution of. 
nitric or formic acid in water) where the solution boils at a higherj 
temperature than either water or the volatile substance dissolved in it. 
For this reason the solutions of certain gases— for instance, hydriodic) 
Or hydrochloric acid — boil above 100°. 

The separation of ice from solutions M explains both the phenome- 
non, well known to sailors, that the ice formed from salt water gives 
fresh water, and also the fact that by freezing, just as by evaporation, 
a solution is obtained which is richer in salts than before. This is 
taken advantage of in cold countries for obtaining a liquor from sea. 
water, which is then evaporated for the extraction of salt, 

On the removal of part of the water from a solution (by evaporation 
or the separation of ice), a saturated solution should be obtained, and 
then the solid substance dissolved should separate Out. Solutions satu- 
rated at a certain temperature should also separate out a corresponding 
portion of the substance dissolved if they be reduced, by cooling, M to a 
temperature at which the water can no longer hold the former quantity 
of the substance in solution. If this separation, by cooling a saturated 

M Fritz ache showed that solutions of certain colouring matters yield colourless ice, 
which clearly proves the passage of water only into a solid state, without any intermix-' 
ture of the substance dissolved, although the possibility of the admixture in certain other 
cases cannot be denied. 

65 As the solubility of certain substances (for example, coniioe, cerium sulphate, and) 
Others)"decrease8 with a rise* of temperature (between certain limits— see, for example, 
note 24), so these substances do not separate from their saturated solutions on cooling* 
but on heating. Thus a solution of manganese sulphate, saturated at 70°, becomes cloudy 
on further heating. The point at which a substance separates from its solution with a 
Snange of temperature gives an easy means of determining the co-efficient of solubility* 
and this was taken advantage of by Prof. Alexeeff for determining the solubility of many 
substances. The phenomenon and method of observation are here essentially the earn* 
as in the determination of the temperature- of formation of ice. If a solution of a sub* 
s stance which separates out on heating be taken (for example, the sulphate of calcium 
t«> manganese), then at a certain fall of temperature ice Will separate out from it, and at 
tsfrtajn rise of temperature the salt will separate out From this example, and Iron. 
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solution or by evaporation, take place slowly, crystals of the substance 
dissolved are in many cases formed ; and tliis is the method by which 
crystals of soluble salts are usually obtained Certain solids very 
easily separate out from their solutions in perfectly formed crystals, 
which may attain very large dimensions. Such are nickel sulphate, 
alum, sodium carbonate, chrome-alum, copper sulphate, potassium ferri- 
cyanide, and a whole series of other salts. The most remarkable circum- 
stance' in this is that many solids in separating out from an aqueous 
solution retain a portion of water, forming crystallised solid substances 
which contain water. A portion of the water previously in the solution 
remains in the separated crystals. The water which is thus retained 
is called the water of crystallisation. Alum, copper sulphate, Glauber's 
salt, and magnesium sulphate contain such water, but neither sal- 
ammoniac, table salt, nitre, potassium chlorate, silver nitrate, nor 
sugar, contains any water of crystallisation. One and the same 
substance may separate out from a solution with or without water 
of crystallisation, according to the temperature at which the crystals are- 
formed. Thus common salt in crystallising from its solution in water 
at the ordinary or at a higher temperature does not contain water of 
crystallisation. But if its separation from the solution takes place 
at a low temperature, namely below —5°, then the crystals contain 
88 parts of water in 100 parts. Crystals of the same substance which 
separate out at different temperatures may contain different amounts 
of water of crystallisation. This proves to us that a solid dissolved in 
water may f jrm various compounds with iii, differing in their properties 
and composition, and capable of appearing in a solid separate form like 
many ordinary definite compounds. This is indicated by the numerous 
properties and phenomena connected with solutions, .and gives reason 
for thinking that there exist in solutions themselves such compounds of 
the substance dissolved, and the solvent or compounds similar to them, 
only in a liquid partly decomposed form. Even the colour of solutions 
may often confirm this opinion. Copper sulphate forms crystals having 
a blue colour and containing water of crystallisation. If the water of* 
crystallisation be removed by heating the crystals to redness, a colour- 
less anhydrous substance is obtained (a white powder). From this it 
may be seen that the blue colour belongs to the compound of the copper 
salt with water. Solutions of copper sulphate are all blue, and con- 
sequently they contain a compound similar to the compound formed by 

general considerations, it is clear that the separation of a substance dissolved from *j 
solution should present a certain analogy to the separation of ice from a solution. Igi 
both cases, a heterogeneous system of a solid and a liquid is formed from a homogeneous 
(Mquid) system. 
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the salt with its water of crystallisation. Crystals of cobalt chloride 
when dissolved in an anhydrous liquid — like alcohol, for instance — give 
a blue solution, but when they are dissolved in water a red solution is 
obtained. Crystals from the aqueous solution, according to Professor 
Potilitzin, coutain six times as much water (CoCl 2 ,6H a O) for a given 
weight of the salt, as those violet crystals (CoCl„H 2 0) which are 
formed by the evaporation of on alcoholic solution. 

That solutions coutain particular compounds with water is further 
shown by the phenomena of supersaturated solutions, of so-called cryo- 
hyd rates, of solutions of certain acids having constant boiling points, 
and the properties of compounds containing water of crystallisation 
whose data it is indispensable to keep in view in the consideration of 
solutions. 

Supersaturated solutions exhibit the following phenomena :— On 
the refrigeration of a saturated solution of certain salts, 54 if the liquid 
be brought under certain conditions, the excess of the solid may 
sometimes remain in solution and not separate out. A great number 
of substances, and more especially sodium sulphate, Na 2 S0 4> or 
Glauber's salt, easily form supersaturated solutions. If boiling water 
be saturated with this salt, and the solution be poured off from any 
remaining undissolved salt, and, the boiling being still continued, the 
vessel holding the solution be well closed by cotton wool, or by fusing 
up the vessel, or by covering the solution with a layer of oil, then it 
will be found that this saturated solution does not separate out any 
Glauber's salt whatever on cooling down to the ordinary or even to a 
much lower temperature ; although without the above precautions a 
salt separates out on cooling, in tho form of crystals, which contain 
Na 4 SO 4 10H a O— that is, 180 parts of water for 142 parts of anhydrous 
salt. The supersaturated solution may be moved about or shaken 
inside the vessel holding it, and no crystallisation will take place ; the 
salt remains in the solution in as large an amount as at a higher tempera- 
ture. If the vessel holding the supersaturated solution be opened and 
a crystal of Glauber's salt be thrown in, crystallisation suddenly takes 
place. 05 A considerable rise in temperature is noticed during this 

*• Those mIU which separate oat with water of crystallisation and give several 
erystallohydratee form supersaturated solutions with ths greatest facility, and the phe- 
nomenon is much more common than was previously imagined. The first data were 
given in the last century by Loewitz, in St. Petersburg. Numerous researches have 
proved that supersaturated solutions do not differ from ordinary solutions in any of their 
essential properties. The variations in specifio gravity, vapour tension, formation of ice, 
Ac, take place according to the ordinary laws. 

•* In— much ae air, as has been shown by direct experiment, contains, although in 
ISffj small quantities, minute crystals of salts, and among them sodium sulphate, air ceo 
tttef about the crystallisation of a super-saturated solution of sodium sulphate in an opea 
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rapid separation of crystals, which is due to the fact that the salt, 
previously in a liquid state, passes into a solid state. This bears some re* 
semblance to the fact that water maybe cooled below 0° (even to— 10°) 
if it- be left at rest, under certain circumstances, and evolves heat in 
suddenly crystallising. Although from this point of view there is a 
resemblance, yet in reality the phenomenon of supersaturated solutions 
is much more complicated. Thus, on cooling, a saturated solution of 
Glauber's salt deposits crystals containing Na a S0 4 ,7H,0, 36 or 126 parts 

vessel, bat it has no effect on saturated eolations of certain other salts ; for example, lead 
acetate. According to the observations o( De Boisbaudran,*Gerne£, and others, isomer- 
phoas salts (analogous in composition) are capable of inducing crystallisation. Thus, a 
supersaturated solution of nickel sulphate crystallises by contact with crystals of sul- 
phates of other metals analogous to it, such as those of magnesium, cobalt, copper, and 
manganese. The crystallisation of a supersaturated solution, set up by the oontact of 
a minute crystal, starts from it in rays with a definite velocity, and 'it is evident thai 
the crystals as they form propagate the crystallisation in definite directions. This 
phenomenon recalls the evolution of organisms from germs. An attraction of similar 
molecules ensues, and they dispose themselves in definite similar forms. 

M At the present time a view is very generally accepted, which regards supersaturated 
solutions as homogeneous systems, which pass into heterogeneous systems (composed of 
a liquid and a solid substance), in all respects exactly resembling the passsge of water 
cooled below its freezing point into ice and water, or the passage of crystals of rhombic 
sulphur into monoclinic crystals, and Df the monoclinic crystals into rhombic. Although 
many phenomena of supersaturation are thus clearly understood, yet the spontaneous for- 
mation of the unstable hepta-hydrated salt (with 7H 2 0), in the place of the more stable 
deca-hydrated salt (with mol. lOH^O), indicates a property of a saturated solution of 
sodium sulphate which obliges one to admit that it has a different structure from an 
ordinary solution. Stcherbacheff asserts, on the basis of his researches, that a solution 
of the deca-hydrated salt gives, on evaporation, without the aid of heat, the deca-hydrated 
salt, whilst after heating above 38° it forms a supersaturated solution and the hepta- 
hydrated salt. But in order that this view should be accepted, some facts must be dis- 
covered distinguishing solutions (which are, according to this view, isomeric) containing 
the hepta-hydrated salt from those containing the deca-hydrated salt, and all efforts in this 
direction (the study of the properties of the solutions) have given negative results. As 
some crystallohydrates of salts (alums, sugar of lead, calcium chloride) melt straightway 
(without separating out anything), whilst others (like Na^SCVOHaO) are broken up, 
then it may be that the latter are only in a state of equilibrium at a higher temperature 
than their malting point. It may here be observed that in melting crystals of the deca- 
hydrated salt, there is formed, besides the solid anhydrous salt, a saturated solution 
giving the hepta-hydrated salt, so that this passage from the deca- to the hepta-hydrated 
salt, and the reverse, takes place with the formation of the anhydrous (or, it may be. 
mono-hydrated) salt 

Moreover, supersaturation (Potilitzin, 1889) only takes place with those substances 
which are capable of giving several modifications or several crystallohydrates, t\e. super- 
saturated solutions separate out, besides the stable normal crystallohydrate, hydrates 
containing less water and also the anhydrous salt. This degree. of saturation acts upon 
the substance dissolved in a like manner to heat. Sulphate of nickel in a solution at 
15° to 20° separates out rhombic crystals with 7^0, at 80° to 40° cubical crystals, with 
6HfO, at 60° to 70° monoclinic crystals, also containing 6H,0. Crystals of the same 
composition separate out from supersaturated solutions at one temperature (17° to 19°), 
but at different degrees of saturation, as was shown by Lecoq de Boisbeudran. The 
capacity to voluntarily separate out slightly hydrated or anhydrous salts by the jntro* 
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of water per 142 parts of anhydrous salt, and not ISO parts of water, 
at in the above-mentioned salt. The crystals containing 7H,0 are 
distinguished for their instability ; if they stand in contact not on\f> 
with crystals of Na a SO 4 ,10H a O, but with many other substances, they 
immediately become opaque, forming a mixture of anhydrous and deca- 
hydrated salts. It is evident that between water and a soluble sub- 
stance there may be established different kinds of greater or less stable 
equilibrium, of which solutions form a particular case. 67 

duction of a crystal into the solution it common to all supersaturated solutions. If a. 
salt forms a supersaturated solution, then one would expect, according to this view, that 
it should exist in the form of several hydrates or in several modifications. Thus 
Potilltzin concluded that chlorate of strontium, which easily gives supersaturated solu- 
tions, should be capable of forming several hydrates, besides the anhydrous salt known ; 
and he succeeded in discovering the existence of two hydrates, 8r(C10 i ) 2 8H i O and. 
apparently 8r(C]Oj) 2 flH 5 0. Besides this, three modifications of the common anhydrous 
salt were obtained, differing from each other in their crystalline form. One modification 
separated out in the form of rhombic octahedra, another in oblique plates, and a third 
in long brittle prisms or plates. Further researches showed that salts which are not 
capable of forming supersaturated solutions such as the bromates of calcium, stiontiam, 
and barium, part with their water of hydration with difficulty (they crystallise with 
lH a O), and decompose very slowly . in a vacuum or in dry air. In other words the 
tension of dissociation is very small in this class of hydrates. As the hydrates charac- 
terised by a small dissociation tension are incapable of giving supersaturated solutions, 
so conversely supersaturated solutions give hydrates whose tension of dissociation it 
great (Potilitsin, 1698). 

67 Emulsions, like milk, are composed of a solution of glutinous or similar substance*} 
or of oily liquids suspended in a liquid in the form of drops, which are clearly visible 
under a microscope, and form an example of a mechanical formation which resembles 
solution. But the difference from solutions is here evident. There are, however, 
solutions which approach very near to emulsions in the facility with which the substance) 
dissolved separates from them. It hos long been known, for example, that a particular 
kind of Prussian blue, KFe 3 (CN) fl , dissolves in pure water, but, on the addition of the 
smallest quantity of either of a number of salts, it coagulates and becomes quite in* 
soluble. If copper sulphide (CuS), cadmium sulphide (CdS), arsenic sulphide (Aa^Sj) 
(the experiments with these substances proceed with great ease, and the solution ob» 
tained is comparatively stable), and many other metallic sulphides, be obtained by a 
method of double decomposition (by precipitating salts of these metals by hydrogen 
sulphide), and be then carefully washed (by allowing the precipitate to settle, pouring off 
the liquid, and again adding sulphuretted hydrogen water), then, as was shown by 
8chulze, Spring, Prost, and others, the previously insoluble sulphides pass into trans- 
parent (for mercury, lead, and silver, reddish brown; for copper and iron, greenish 
brown ; for cadmium and indium, yellow ; and for zinc, colourless) solutions, which may 
be preserved (the weaker they are the longer they keep) and even boiled, but which, 
nevertheless, in time coagulate— that is, separate in an insoluble form, and then some- 
times become crystalline and quite incapable of re-dissolving. Graham and others 
observed the power shown by colloids (see note 18) of forming similar hydrosoU or solu- 
tion* of gelatinous colloids, and, in describing alumina and silica, we shall again have 
occasion to speak of such solutions. 

In the existing state of our knowledge concerning solution, such solutions may be 
looked on as a transition between emulsion and ordinary solutions, but no fundamental 
judgment can be formed about them until a study has been made of their relations to 
ordinary solutions (the solutions of even soluble colloids freeze immediately on ooolinf ; 
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Solutions of salts on refrigeration below 0° deposit ice or crystals 
(which then frequently contain water of crystallisation) of the salt 
dissolved, and on reaching a certain degree of concentration they 
solidify in their entire mass. These solidified masses are termed cryo- 
Jiydrales. My researches on solutions of common salt (1868) showed 
that its solution solidifies when it reaches a composition NaCl + 10H s O 
(180 parts of water per 58*5 parts of salt), which takes place at 
about —23° The solidified solution melts at the same temperature, 
and both the portion melted and the remainder preserve the above 
composition. Guthrie (1874-1876) obtained the cryohydrates of many 
salts, and he showed that certain of them are formed like the above at 
comparatively low temperatures, whilst others (for instance, corrosive 
sublimate, alums, potassium chlorate, and various colloids) are formed 
on a slight cooling, to — 2° or even before. 5 ? In the case of common salt, 
the cry ohyd rate with 10 molecules of water, and in the case of sodium 
nitrate, the cryohydrate 59 with 7 molecules of water (i.e. 126 parts 
of water per 85 of salt) should be accepted as established substances, 
capable of passing from a solid to a liquid state and conversely ; and 
therefore it may be thought that in cryohydrates we have solutions 
which are not only undecomposable by cold, but also have a definite 
composition which would present a fresh case of definite equilibrium 
between the solvent and the substance dissolved. 

The formation of definite but unstable compounds in the process of 

below 0°, and, according to Guthrie, do not form cryohydrates), and to supersaturated 
solutions, with which they have certain points in common. 

*• Offer (1880) concludes, from his researches on cryohydrates, that they are simple 
mixtures of ice and salts, having a constant melting point, just as there are alloys having 
a constant point of fusion, and solutions of liquids with a constant boiling point (see note 
00). This does not, however, explain in what form a salt is contained, for instance, in the 
cryohydrate NaCl + 10H 8 O. At temperatures above -10° common salt separates out in 
anhydrous crystals, and at temperatures near —10°, in combination with water of 
crystallisation, NaCl + aH a O, and, therefore, it is very improbable .that at still lower 
temperatures it would separate without water. If the possibility ofr the solidified cryo- 
nydrate containing NaCl + 211*0 and ice be admitted, then it is not clear why one of 
these substances does not melt before the other. If alcohol does not extract water from 
the solid mass, leaving the salt behind, this does not prove the presence of ice, because 
alcohol also takes up water from the crystals of many hydrated substances (for instance, 
from NaCl + 2H a O) at about their melting-points. Besides which, a simple observation 
on the cryohydrate, NaCl + 10H a O, shows that with the most careful cooling it does not 
on the addition of ice deposit ice, which would occur if ice were formed on solidification 
intermixed with the salt 

I may add with regard to cryohydrates that many of the solutions of acids solidify 
completely on prolonged cooling (for' example, H a S0 4 H 9 0), and then form perfectly 
definite compounds. For the solutions of sulphuric acid (see Chapter XX.) Pickering 
Obtained, for instance, a hydrate, H^SOjsHfO at -25°. Hydrochloric, nitric, and other 
•rids also give similar crystalline hydrates, melting at low temperatures and presentfetf 
•any similarities with the cryohydrates. 

» S*$ note 24. 
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eolation becomes evident frftm the phenomena of a marked deoreaae of 
vapour tension, or from the rise, of the temperature of ebullition which 
occurs in the solution of certain volatile liquids and gases in water. 
As an example, we will take hydriodic acid, HI, a gas which liquefies, 
giving a liquid which boils at - 20°. A solution of it containing 57 
p.c. of hydriodic acid is distinguished by the fact that if it be heated 
the hydriodic acid volatilises together with the water in the same pro- 
portions as they occur in the solution, therefore such a solution may be 
distilled unchanged. The solution boils at a higher temperature than 
water, at 127°. A portion of the physical properties of the gas and 
water have in this case already disappeared — a new substance is formed, 
which has its definite boiling point To put it more correctly, this is 
not the temperature of ebullition, but the temperature at which the 
compound formed decomposes, forming the vapours of the products of 
dissociation, which, on oooling, re-combine. Should a less amount of 
hydriodic aoid be dissolved in, water than the above, then, on heating 
such a solution, water only at first distils over, until the solution 
attains the above-mentioned composition ; it will then distil over 
unaltered. If more hydriodic aoid be passed into such a solution a 
fresh quantity of the gas will dissolve, but it passes off with great 
ease, like air from water. It must not, however, be thought that those 
forcer which determine the formation of ordinary gaseous solutions 
play no part whatever in the formation of a solution having a definite 
boiling point ; that they do react is shown from the fact that such con- 
stant gaseous solutions vary in their composition under different 
pressures. 60 It is not, therefore, at every, but only at the ordinary, 

00 For this reason (the went of entire constancy of the composition of constant boO- 
ing solutions with a change of pressure), the existence of definite hydrates formed by 
volatile substances — for instance, by hydrochloric acid and water — is frequently denied. 
It is generally argued as follows : If there did exist a constancy of composition, then it 
would be unaltered by a change of pressure. But the distillation of constant boiling 
hydrates is undoubtedly accompanied (judging by the vapour densities determined by 
Bineau), like the distillation of sal ammoniac, sulphurio add, fcc, by a complete decom- 
position of the original compound — that is, these substances do not exist in a state of 
vapour, but their products of decomposition (hydrochloric add and water) are gases at 
the temperature of volatilisation, which dissolve in the volatilised and condensed liquids; 
but the solubility of gases in liquids depends on the pressure, and, therefore, the com- 
position of constant boiling solutions may, and even ought to, vary with a change of 
pressure, and, further, the smaller the pressure and the lower the temperature of vola- 
tilisation, the more likely is a true compound to be obtained. According to the research— 
of Roscoe and Dittmar (1859), the constant boiling solution of hydrochloric add proved 
to contain 18 p.c. of hydrochloric add at a pressure of 8 atmospheres, 90 p.c. at 1 atmo- 
sphere, and 88 p.c. at ^ of an atmosphere. On passing air through the solution until 
Its composition became constant (i.e. forcing the excess of aqueous vapour or of hydro- 
•hlorio acid to pass away with the air), then add was obtained containing about 
80 p.o. at 100°, about 38 p.c. at 60°, and about 96 p*. at 0°. From this it is seen thai 
l>y decreasing the pressure and lowering the temperature of evaporation one arrive* 
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atmospheric pressure that a constant boiling solution of hydriodic acid 
Will contain 57 p.c of the gas. At another pressure the proportion of 
water and hydriodic acid will be different. It varies, however, judging 
from observations made by Roscoe, very little for considerable variations 
of pressure. This variation in composition directly indicates that 
pressure exerts an influence on the formation of unstable chemical 
compounds which are easily dissociated (with formation of a gas), just 
as it influences the solution of gases, only the latter is influenced to a 
more considerable degree than the former. 61 Hydrochloric, nitric, and 
Other acids form solutions having definite boiling points, like that of 
hydriodic acid. They show further the common property, if containing 
but a small proportion of water, that they fume in air. Strong solu- 
tions of nitric, hydrochloric, hydriodic, and other gases are even termed 

at the same limit, where the composition should be taken as HC1 + 6H$0, which requires 
46*96 p.c. of hydrochloric acid. Fuming hydrochloric acid contains more than this. 

In the case already considered, as in the case of formic acid in the researches of 
D. P. Konovalofl (note 47), the constant boiling solution corresponds with a minimum 
tension— that is, with a boiling point higher than that of either of the component 
elements. But there is another case of constant boiling solutions similar to the case of 
the solution of propyl alcohol, C 5 H 8 0, when a solution, undecomposed by distillation* 
toils at a lower point than that of the more volatile liquid. However, in this case also, 
if there be solution, the possibility of the formation of a definite compound in the form 
*CjH«0 + H a O cannot be denied, and the tension of the solution is not equal to the sum 
•of tensions of the components. There are possible cases of constant boiling mixtures 
•even when there is no solution nor any loss of tension, and consequently no chemical 
action, since the amount of liquids that are volatilised is determined by the product of 
♦he vapour densities into their vapour tensions (Wanklyn), in consequence of which 
liquids whose boiling point is above 100° — for instance, turpentine and ethereal oils in 
.general — when distilled with aqueous vapour, pass over at a temperature below 100°. 
Consequently, it is not in the constancy of composition and boiling point (temperature of 
•decomposition) that evidence of a distinct chemical action is to be found in the above* 
-described solutions of acids, but in the great loss of tension, which completely resembles 
the loss of tension observed, for instance, in the perfectly-definite combinations of subj 
stances with water of crystallisation (see later, note 65). Sulphuric acid, ELSO4, as we 
shall learn later, is also decomposed by distillation, like HC1 + 6H 2 0, and exhibits, more* 
-over, all the signs of a definite chemical compound. The study of the variation of the 
specific gravities of solutions as dependent on their composition (see note 19) shows thai 
phenomena of a similar kind, although of different dimensions, take place in the forma* 
tion of both H3SO4 from H a O and SO s , and of HC1 + 6H?0 (or of aqueous solutions 
Analogous to it) from HC1 and H a O. 

61 The essence of the matter may be thus represented. A gaseous or easily volatile 
substance A forms with a certain quantity of water, fiH 2 0, a definite complex compound 
4nH 2 0, which is stable up to a temperature t° higher than 100°. At this temperature 
it is decomposed into two substances, A + H3O. Both boil below i° at the ordinary 
pressure, and \here fore at t° they distil over and re-combine in the receiver. But if a 
part of the substance Anti^O is decomposed or volatilised, a portion of the undecomposed 
liquid still remains in the vessel, which can partially dissolve one of the products of 
decomposition, "and that in quantity varying with the pressure and temperature, and 
therefore the solution at a constant boiling point will have a slightly different compost 
tkm at different pressures. 
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4 faming acids/ The faming liquids contain a definite oompotmd whose 
temperature of ebullition (decomposition) is higher than 100°, and con- 
tain also an excess of the volatile substance dissolved, which exhibits a 
capacity to combine with water and form a hydrate, whose vapour 
tension is less than that of aqueous vapour. On evaporating in air, 
this dissolved substance meets the atmospheric moisture and forms a 
visible vapour (fumes) with it, which consists of the above-mentioned 
compound. The attraction or affinity which binds, f or . instance, 
hydriodic acid with water is evinced not only in the evolution okbeat 
and the diminution of vapour tension (rise of boiling point), but also 
in many purely chemical relations. Thus hydriodic acid is produced 
from iodine and hydrogen sulphide in the presence of water, but unless 
water is present this reaction does not take place. 68 

Many compounds containing water of crystallisation are solid sub- 
stances (when melted they are already solutions— i.e. liquids) ; further- 
more, they are capable of being formed from solutions, like ice or 
aqueous vapour. They may be called cry$tallo hydrates. Inasmuch as 
the direct presence of ice or aqueous vapour cannot be admitted in 
solutions (for these are liquids), although the presence of water may 
be, so also there is no basis for acknowledging the presence in solutions 
of cry stallo hydrates, although they are obtained from solutions as 
such. 69 It is evident that such substances present one of the many 
forms of equilibrium between water and a substance dissolved in it. 
This form, however, reminds one, in all respects, of solutions— that is, 
aqueous compounds which are more or less easily decomposed, with 
separation of water and the formation of a less aqueous or an anhydrous 
compound. In fact, there are not a few crystals containing water 
which lose a part of their water at the ordinary temperature. Of such, 
a kind, for instance, are the crystals of soda, or sodium carbonate, 
which, when separated from an aqueous solution at the ordinary 
temperature, are quite transparent ; but when left exposed to air, lose 

• M For solutions of hydrochloric acid in water there are still greater differences in 
reactions. For instance, strong solutions decompose antimony sulphide (forming hydro- 
gen sulphide, H a 8), and precipitate common salt from its solutions, whilst weak solution* 
<do not act thus. 

** Supersaturated solutions give an excellent proof in this respect. Thus a solution 
of copper sulphate generally crystallises in penta-hydrated crystals, CuS0 4 + 6H,0, and 
its saturated solution gives such crystals if it be brought into contact with the minutest 
possible crystal of the same kind. But, according to the observations of Lecoq de Bois- 
beudran, if a crystal of ferrous sulphate (an isomorphous salt, see note 55), FeS0 4 + 7HjO, 
be placed in a saturated solution of copper sulphate, then crystals of hepta-hydrated salt* 
CuS0 4 + 7H a O, are obtained. It is evident that neither the penta- nor the hepta-hydrated 
•eH is contained as such in the solution. The solution presents its own particular liquid 
k of equilibrium. 
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a portion of their water, becoming opaque, and, in the process, lose 
their crystalline appearance, although preserving their original form. 
This process of the separation of water at the ordinary temperature 
is termed the efflorescence of crystals. Efflorescence takes place more 
rapidly under the receiver of an air pump, and especially at a gentle 
heat. This breaking up of a crystal is dissociation at the ordinary 
temperature. Solutions are decomposed in exactly the same manner. 54 
The tension of the aqueous vapour which is given off from crystallo* 
hydrates is naturally, as with solutions, less than the vapour tension of 
water itself * 5 at the same temperature, and therefore many anhydrous 
salts which are capable of combining with water absorb aqueous vapour 

•* Efflorescence, like every evaporation, proceeds from the surface. In the interior of 
crystals which have effloresced there it usually found a non-effloresced mass, ao that the* 
majority of effloresced crystals of waahing aoda ahow, in their fracture, a transparent 
nucleus coated by an effloresced, opaque, powdery mass. It is a remarkable circumstance* 
In this respect that efflorescence proceeds in a completely regular and uniform manner, 
ao that the angles and planes of similar crystellographie character effloresce simui* 
taneously, and in this respect the crystalline form determines those parts of crystal* 
where efflorescence starts, and the order in which it continues. In solutions evaporation 
also proceeds from the surface, and the first crystals which appear on its reaching the 
required degree of saturation are also formed at the surface. After falling to the bottom 
the crystals naturally continue to grow (see Chapter 2L). 

** According to Lescceur (1888), at 100° a concentrated solution of barium hydroxide, 
BaH 9 3 , on first depositing crystals (with + H a O) has a tension of about 880 mm. 
(instead of 760 mm., the tension of water), which decreases (because the solution evapo- 
rates) to 46 mm., when ail the water is expelled from the crystals, BaH^Oj + ILjO, which 
are formed, but they also lose water (dissociate, effloresce at 100°), leaving the hydroxide, 
BaH 9 0„ which is perfectly ao decomposable at 100°— that is, does not part with water. 
At 78° (the tension of water is then 865 mm.) a solution, containing 88H3O, on crystallis- 
ing has a tension of 980 mm. ; the crystals, BaHgOg + dHaO, which separate out, have 0, 
tension of 160 mm. ; on losing water they give BaH-^O* + H 2 0. This substanoe does not 
decompose at 78°, and therefore its tension « 0. In those crystallohydrates which, 
effloresce at the ordinary temperature, the tension of dissociation nearly approximates to 
that of the aqueous vapour, aa Lesccsur (1801) showed. To this category of compounds 
belong B 2 3 (8 + x) H a O, C*0 4 H a (2 + *) H a O, BaO (0 * *) H,0, and SrO (9 + x) H a O. And 
a still greater tension is possessed by Na,8O 4 10HaO, NaaCO 5 10H 3 O, and MgS0 4 (7+x) 
H*0. JiUUer-Ersbach (1684) determines the tension (with reference to liquid water) by 
placing tubes of the same length with water and the substances experimented with in a 
desiccator, the rate of loss of water giving the relative tension. Thus, at the ordinary, 
temperature, crystals of sodium phosphate, Na)HF0 4 +18H«0, present a tension of 0*7 
compared with water, until they lose 6H«0, then 0*4 until they lose 6H«0 more, and on 
losing the last equivalent of water the tension falls to 0*04 compared with water. It is 
clear that the different molecules of water are held by an unequal force. Out of the five 
molecules of water in copper sulphate the two first are comparatively easily separated. 
even at the ordinary temperature (but only after several days in a desiccator, according 
to Latohinoff) ; the next two are more difficultly separated, and the last equivalent ia 
retained even at 100°. This is another indication of the capacity of Cu80 4 to form three 
hydrates, Ca^GH^O, CuS0 4 8H,0, and Cu80 4 H t O. The researches of Andreae on the 
tension of dissociation of hydrated sulphate of copper showed (1691) the existence of 
three provinces, characterised at a given temperature by • constant tension : (1) between 
8-8, (9) between 1-8, and lastly (8) between 0-1 molecule of water, which again ooofima 
the existence of three hydrates of the above composition for this salt 

*6 
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from moist air ; that is, they act like a coW body on which water is 
deposited from steam. It is on this that the desiccation of gases is 
based, and it must farther be remarked in this respect that certain 
substances — for instance, potassium carbonate (KjCO,) and calcium 
chloride (CaCl 2 )— not only absorb the water necessary for the formation 
of a solid crystalline compound, but also give solutions, or deliquesce 
as it is termed, in moist air. Many crystals do not effloresce in the 
least at the ordinary temperature ; for example, copper sulphate, which 
may be preserved for an indefinite length of time without efflorescing, 
but when placed under the receiver of an air pump, if efflorescence be 
once started, it goes on at the ordinary temperature. The tempera- 
ture at which the complete separation of water from crystals takes 
place varies considerably, not only for different substances, but also for 
different portions of the contained water. Very often the temperature 
at which dissociation begins is very much higher than the boiling point 
of water So, for example, copper sulphate, which contains 36 p.c. of 
water, gives up 288 p.c. at 100°, and the remaining quantity, namely 
7-2 p.c, only at 240"* Alum, out of the 45 5 p.c of water which it 
contains, gives up 18 9 p.c, at 100°, 177 p,c at 120°, 77 p.c at 180°, 
and 1 p.c at 280° ; it only loses the last quantity (1 p.c) at its tem- 
perature of decomposition. These examples clearly show that the 
annexation of water of crystallisation is accompanied by a rather pro- 
found, although, in comparison with instances which we shall consider 
later, still inconsiderable, change of its properties. In certain cases the 
water of crystallisation is only given off when the solid form of the 
substance is destroyed : when the crystals melt on heeting. The 
crystals are then said to melt in their icater of crystallisation, Further, 
after the separation of the water, a solid substance remains behind, so 
that by further heating it acquires a solid form. This is seen most 
clearly in crystals of sugar of lead or lead acetate, which melt in their 
water of crystallisation at a temperature of 56-25°, and in so doing 
begin to lose water. On reaching a temperature of 100° the sugar of 
lead solidifies, having lost all its water ; and then at a temperature of 
280\ the anhydrous and solidified salt again melts. 65 **» 

It is most important to recognise in respect to the water of crys- 
tallisation that its ratio to the quantity of the substance with which it 
is combined is always a constant quantity. However often we may 

* ** Sodium acetate (CAOtXaSHjO) mails at 3S ? . but resolidifies only on conUct 
with a crystal, otherwise it may remain liquid eren at 0°, and may be used for obtaining 
a constant temperature. According to Jeanne], the latent bent of fusion is about 28 
•alone*, and according to Pickering the heat of solution 35 calories. When melted this 
pall boil* at 133°— that is, the tension of the vapour given off at that temperature equals 
•he atmo^heric pressure. 
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prepare copper sulphate, we shall always find 36*14 p.c. of water in its 
crystals, and these crystals always lose four-fifths of their water at 
100°, and one-fifth of the whole amount of the water contained remain* 
in the crystals at 100°, and is only expelled from them at a temperature 
of about 240°. What has been said about crystals of copper sulphate 
refers also to crystals of every other substance, which contain water of 
crystallisation. It is impossible in any of these cases to increase either 
the relative proportion of the salt or of the water, without changing 
the homogeneity of the substance. If once a portion of the water be 
lost — for instance, if once efflorescence takes place— a mixture is ob- 
tained, and not a homogeneous substance, namely a mixture of a sub- 
stance deprived of water with a substance which has not yet lost water 
— i.e. decomposition has already commenced. This constant ratio is 
an example of the fact that in chemical compounds the quantity of the 
component parts is quite definite ; that is, it is an example of the so* 
called definite chemical compounds. They may be distinguished from 
solutions, and from all other so-called indefinite chemical compounds, 
in that at least one, and sometimes both, of the component parts may 
be added in a large quantity to an indefinite chemical compound, with- 
out destroying its homogeneity, as in solutions, whilst it is impossible 
to add any one of the component parts to a definite chemical compound 
without destroying the homogeneity of the entire mass. Definite 
chemical compounds only decompose at a certain rise in temperature ; 
on a lowering in temperature they do not, at least with very few ex- 
ceptions, yield their components like solutions which form ice or com- 
pounds with water of crystallisation. This leads to the assumption 
that solutions contain water as water, 66 although it may sometimes be 
in a very small quantity. Therefore solutions which are capable of 
solidifying completely (for instance, crystallo-hydrates capable of melt- 
ing) such as the compound of 84^ parts of sulphuric acid, H 2 SO«, with 
154 parts of water, H 2 0, or H a S0 4 ,H a O (or H 4 S0 6 ), appear as true 
definite chemical compounds. If, then, we imagine such a definite 
compound in a liquid state, and admit that it partially decomposes in 
this state, separating water— not as ice or vapour (for then the system 
would be heterogeneous, including substances in different physical 
states), but in a liquid form, when the system will be homogeneous— 

M 8uch a phenomenon frequently presents itself in purely chemical action. For 
instance, let a liquid substance A give, with another liquid substance B, under the condi- 
tions of an experiment, a mere minute quantity of a solid or gaseous substance C. This 
small quantity will separate out (pass away from the sphere of action, as Berthollet 
expressed it), and the remaining masses of A and B will again give C ; consequently, 
under these conditions action will go on to the end. Such, it seems to ine, is the action 
In solutions when they yie!4 ice or vapour indicatin&the presence of water. 
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we shall form an idea of a solution as an unstable, dissociating fluict 
state of equilibrium between water and the substance dissolved. More- 
over, it should be remarked thatjudgingby experiment, many substances* 
give with water not one but diverse compounds, 67 which is seen in the* 
capacity of one substance to form with water many various crystallo* 
hydrates, or compounds with water of crystallisation, showing diverse 
and independent properties. From these considerations, solutions** 
may be regarded as fluid, unstable, definite chemical compounds in a 
state of dissociation , 69 

67 Certain substances are capable of forming together only one compound, others- 
several, and these of the most varied degrees of stability. The compounds of water are 
instances of this kind. In solutions the existence of several different definite compounds- 
tttyst be acknowledged, but many of these have not yet been obtained in a free state, and 
it may be that they cannot be obtained in any other but a liquid form— that is, dissolved; 
Just as there are many undoubted definite compounds which only exist in one physical 
state. Among the hydrates such instances occur. The compound C0 9 + 8H,0 (tee note 
81), according to Wroblewski, only occurs in a solid form. Hydrates like HfS + 12H 2 
(De Forcrand and Villard), HBr + H?0 (Roozeboom), can only be accepted on the basis 
of a decrease of tension, but present themselves as very transient substances, incapable 
of existing in a stable free state. Even sulphuric acid, H3SO4, itself, which undoubtedly 
it a definite compound, fumes in a liquid form, giving off the anhydride, 8O5— that is, it 
exhibits a very unstable equilibrium. The crystallo-hydrates of chlorine, CLj + 8H a O, 
of hydrogen sulphide, H a 8 + 12H 2 (it is formed at 0°, and is completely decomposed at 
+ 1°, as then 1 vol. of water only dissolves 4 vole, of hydrogen sulphide, while at 0*1° it 
dissolves about 100 vols.), and of many other gases, are instances of hydrates which are 
very unstable. 

* Of such a kind are also other indefinite chemical compounds; for example, 
metallic alloys. These are solid substances or solidified solutions of metals. They also 
contain definite compounds, and may contain an excess of one of the metals. According 
to the experiments of Laurie (1888), the alloys of tine with copper in respect to the elec- 
tromotive force in galvanio batteries behave just like sine if the proportion of copper in 
the alloy does not exceed a certain percentage — that is, until a definite compound is 
attained— for in that case particles of free sine are present ; but if a copper surface be 
taken, and it be covered by only one-thousandth part of its area of cine, then only the 
Bine will act in a galvanic battery. 

<* According to the above supposition, the condition of solutions in the sense of the 
kinetic hypothesis of matter (that is, on the supposition of an internal motion of 
molecules and atoms) may be represented in the following form:— In a homogeneous 
liquid— for instance, water—the molecules occur in a certain state of, although mobile, 
still stable, equilibrium. When a substance A dissolves in water, its molecules form with 
Several moleculeB of water, systems 4nH a 0, which are so unstable that when surrounded 
by molecules of water they decompose and reform, so that A passes from one mass of 
molecules of water to another, and the molecules of water which were at this moment in 
harmonious motion with A in the form of the system AnH^O, in the next instant 
may have already succeeded in getting free. The addition of water or of molecules of A 
may either only alter the number of free molecules, which in their turn enter into systema 
AnH 2 O t or they may introduce conditions for the possibility of building up new systema 
AmH 2 0, where m is either greater or less than n. If in the solution the relation of the 
molecules be the same as in the system AmH^O, then the addition of fresh molecules of 
water or of A would be followed by the formation of new molecules «4«H a O. The relative 
quantity, stability, and composition of these systems or definite compounds will vary in 
one or another solution. I adopted this view of solutions (lo87, Pickering subsequently 
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In regarding solutions from this point of view they come under the 
head of those definite compounds with which chemistry is mainly con- 
cerned. 70 

We saw above that copper sulphate loses four-fifths of its water at 
100° and the remainder at 240.° This means that there are two defi- 

put forward a similar view) after a most Intimate study of the variation of their specific 
gravities, to which my book, cited in note 19, is devoted. Definite compounds, An^H^O 
and AmiE^O, existing in a free — for instance, solid— form, may in certain cases be held 
in solutions in a dissociated state (although but partially) ; they are similar in their 
'structure to those definite substances which are formed in solutions, but it is not necessary 
to assume that such systems as Na 9 S0 4 + 10H,O, or Na^SO* + 7H a O, or NaaSO* are con- 
tained in solutions. The comparatively more stable systems An^O which exist in a 
free state and change their physical state must present, although within certain limits 
of temperature, an entirely harmonious kind of motion of A with ttjH^O ; the property 
also and state of systems AhRqO and AtriU^O, occurring in solutions, is that they are 
pn a liquid form, although partially dissociated. Substances A b which give solutions, 
are distinguished by the fact that they can form such unstable systems AnH. 2 0, but 
besides them they can give other much more stable systems AriyEL^O. Thus ethylene, 
JC9H4, in dissolving in water, probably forms a system C9H491H9O, which easily splits up 
into C2H4 and H3O, but it also gives the system of alcohol, C,H 4 ,HaO o* C^HeO, which 
lis comparatively stable. Thus oxygen can dissolve in water, and it can combine with it, 
forming peroxide of hydrogen. Turpentine, C 10 H ie , does not dissolve in water, but it 
combines with it as a comparatively stable hydrate. In other words, the chemical struc- 
ture of hydrates, or of the definite compounds which are contained in solutions, is dis- 
tinguished not only by its original peculiarities but also by a diversity of stability. A 
similar structure to hydrates must be acknowledged in crystallo-hydrates. On melting 
they give actual (real) solutions. As substances which give crystallo-hydrates, like salts, 
are capable of forming a number of diverse hydrates, and as the greater the number of 
molecules of water (n) they (AnH^O) contain, the lower is the temperature of their 
formation, and as the more easily they decompose the more water they hold, therefore. 
Eh the first place, the isolation of hydrates holding much water existing in aqueous solu- 
jtiona may be soonest looked for at low temperatures (although, perhaps, in certain cases 
they cann6t exist in the solid state) ; and, secondly, the stability also of such higher 
pydrates will be at a minimum under the ordinary circumstances of the occurrence of 
4iqqjd water. Hence a further more detailed investigation of cryohydrates may help to 
jthe elucidation of the nature of solutions. But it may be foreseen that certain cryo» 
hydrates will, like metallic alloys, present solidified mixtures of ice with the salts them* 
pelves and their more stable hydrates, and others will be definite compounds. 

n The above representation of solutions, &c, considering them as a particular state 
pf definite compounds, excludes the independent existence of indefinite compounds; 
Jby this means that unity of chemical conception i ; obtained which cannot be arrived 
M by admitting the pbysico- mechanical conception of indefinite compounds. The* 
gradual transition from typical solutions (as of gases in water, and of weak saline 
Volutions) to sulphuric acid, and from it and its definite, but yet unstable and liquid* 
compounds, to clearly defined compounds, such as salts and their crystallo-hydrates* 
J» so imperceptible, that in denying that solutions pertain to the number of definite 
trat dissociating compounds, wo risk denying the definiteness of the atomio com* 
•position of such substances as sulphuric acid or of molten crystallo-hydrates. I 
Repeat, however, that for the present the theory of solutions cannot be considered as 
firmly established. The above opinion about them is nothing more than a hypothesis 
Which endeavours to satisfy those comparatively limited data which we hare for Che 
fcresent about solutions, and of those cases of their transition into definite c ompoun ds, 
fey enlniitttmg solutions to the Daltonk c^ hope that we may ool 
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trite compounds of water with the anhydrous salt Washing soda or car* 
bonate of sodium, Na a C0 3 separates out as crystals, Na a CO 3 ,10H 8 O, 
containing 629 p.c. of water by weight, from its solutions at the 
ordinary temperature. When a solution of the same salt deposits 
crystals at a low temperature, about— 20°, then these crystals contain 
71 '8 parts of water per 28-2 parts of anhydrous salt. Further, the 
crystals are obtained together with ice, and are left behind when it 
melts. If ordinary soda, with 62 '9 p.c. of water, be cautiously melted 
in its own water of crystallisation, there remains a salt, in a solid state, 
containing only 14*5 p.c; of water, and a liquid is obtained which con- 
tains the solution* of a salt which separates out crystals at 34°, which 
contain 46 p.c. of water and do not effloresce in air. Lastly, if a super- 
saturated solution of soda be prepared, then at temperatures below 8* 
it deposits crystals containing 54*3 p.c. of water. Thus as many at 
five compounds of anhydrous soda with water are known ; and they are 
dissimilar in their properties and crystalline form, and even in their 
solubility. It is to be observed that the greatest amount of water in 
the crystals corresponds with a temperature of — 20°, and the smallest 
to the highest temperature. There is apparently no relation between 
the above quantities of water and the salts, but this is only because in 
each case the amount of water and anhydrous salt was given in per- 
centages ; but if it be calculated for one and the same quantity of 
anhydrous salt, or of water, a great regularity will be observed in the 
amounts of the component parts in all these compounds. It appears 
that for 106 parts of anhydrous salt in the crystals separated out at 
— 20° there are 270 parts of water ; in the crystals obtained at 15° there 
are 180 parts of water ; in the crystals obtained from a supersaturated 
solution 126 parts, in the crystals which separate out at 34°, 90 parts, 
and the crystals with the smallest amount of water, 18 parts. On 
comparing these quantities of water it may easily be seen that they are 
in simple proportion to each other, for they are all divisible by 18, and 
are in the ratio 15:10:7:5:1. Naturally, direct experiment, 
however carefully it be conducted, is hampered with errors, but taking 
these unavoidable experimental errors into consideration, it will be 
seen that for a given quantity of an anhydrous substance there occur, 
in several of its compounds with water, quantities of water which are 
in very simple multiple proportion. This is observed in, and is common 

only attain to a general harmonious chemical doctrine, but also that new motives for 
Investigation and research will appear in the problem of solutions, which must either 
confirm the proposed theory or replace it by another fuller and truer one ; and I for my 
part cannot consider thif to be the case with any of the other present doctrine* of eola- 
tions (note 40). 
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to, all definite chemical compounds This rule is called the law of* 
multiple proportions. It was discovered by Dalton, and will be evolved 
in farther detail subsequently in this work. For the present we 
will only state that the law of definite composition enables the com- 
position of substances to be expressed by formulae, and the law of 
multiple proportions permits the application of whole numbers as co- 
efficients of the symbols of the elements in these formula?. Thus the 
formula Na 8 C0 3 , 10H 2 O shows directly that in this crystalle-hydrate 
there are 180 parts of water to 106 parts by weight of the anhydrous 
salt, because the formula of soda, Na a C0 8 , directly answers to a weight 
of 106, and the formula of water to 18 parts, by weight, which are here 
taken 10 times. 

In the above examples of the combinations of water, we saw the 
gradually increasing intensity of the bond between water and a 
substance with which it forms a homogeneous compound. There is a 
series of such compounds with water, in which the water is held with 
very great force, and is only given up at a very high temperature, and 
sometimes cannot be separated by any degree of heat without the entire 
decomposition of the substance. In these compounds there is generally 
no outward sign whatever of their containing water. A perfectly new 
substance is formed from an anhydrous substance and water, in which* 
sometimes the properties of neither one nor the other substance are 
observable. In the majority of cases, a considerable amount of heat is 
evolved in the formation of such compounds with water. Sometimes 
the heat evolved is so intense that a red heat is produced and light- 
is emitted. It is hardly to be wondered at, after this, that stable 
compounds are formed by such a combination. Their decomposition 
requires great heat ; a large amount of work is necessary to separate 
them into their component parts. All such compounds are definite* 
and, generally, completely and clearly definite. The number of such 
definite compounds with water or hydrates, in the narrow sense of the 
word, is generally inconsiderable for each anhydrous substance , in the 
greater number of cases, there is formed only one such combination of a 
substance with water, one hydrate, having so great a stability. The 
water contained in these compounds is often called water oj constitution 
— i.e. water which enters into the structure or composition of the given 
substance. By this it is desired to express, that in other cases the 
molecules of water are, as it were, separate from the molecules of that 
substance with which it is combined. It is supposed that in the forma* 
tion of hydrates this water, even in the smallest particles, forms one 
complete whole with the anhydrous substance. Many examples of 
the formation of such hydrates might be cited. The most familiar 
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example in practice is the hydrate of lime, or so-called * slaked ' lime. 
Lime is prepared by burning limestone, by which the carbonic anhydride 
is expelled from it, and there remains a white stony mass, which it 
dense, compact, and rather tenacious. Lime is usually sold in this 
form, and bears the name of ' quick ' or ' unslaked ' lime. If water be 
poured over such lime, a great rise in temperature is remarked either 
directly, or after a certain time. The whole mass becomes hot, part of 
the water is evaporated, the stony mass in absorbing water crumbles into 
powder, and if the water be taken in sufficient quantity and the lime 
be pure and well burnt, not a particle of the original stony mass is left- 
it all crumbles into powder. If the water t>e in excess, then naturally 
a portion of it remains and forms a solution. This process is called 
• slaking ' lime. Slaked lime is used in practice in intermixture with 
eand as mortar. Slaked lime is a definite hydrate of lime. If it if 
dried at 100° it retains 24*3 p.c. of water. This water can only be 
expelled at a temperature above 400°, and then quicklime is re-obtained. 
The heat evolved in the combination of lime with water is so intense 
that it can set fire to wood, sulphur, gunpowder, dec. Even on mixing 
lime with ice the temperature rises to 100°. If lime be moistened with a 
email quantity of water in the dark, a luminous effect is observed. But, 
nevertheless, water may still be separated from this hydrate. 71 If 
phosphorus be burnt in dry air, a white substance called • phosphorio 
•anhydride ' is obtained. It combines with water with -such energy, that 
the experiment must be conducted with great caution. A red heat it 
produced in the formation of the compound, and it is impossible to 
separate the water from the resultant hydrate at any temperature. 
The hydrate formed by phosphoric anhydride is a substance which if 
totally undecomposable into its original component parts by the action 
of heat. Almost as energetic a combination occurs when sulphurio 
anhydride, S0 3l combines with water, forming its hydrate, sulphurio 
.acid, H«S0 4 . In both cases definite compounds are produced, but 
the latter substance, as a liquid, and capable of decomposition by 
heat, forms an evident link with solutions. If 80 parts of sulphurio 
anhydride retain 18 parts of water, this water cannot be separated from 
the anhydride, even at a temperature of 300°. It is only by the 
addition of phosphoric anhydride, or by a series of chemical transforma- 
tions, that this water can be separated from its compound with 
eulphuric anhydride. Oil of vitriol, or sulphuric acid, is such a com- 

71 In combining with water one part by weight of lime evolves 945 unit* of heat. 4 
Wgh temperature is obtained, because the specific heat of the resulting product Is I 
Sodium oxide, Na?0, in reacting on water, H 3 0, and forming caustio soda (sodiu 
hydroxide), NaHO, etrolres S69 units of heat for each part by weight of sodium oxide. 
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pound. If a larger proportion of water be taken, it will combine 
with the HjSC^ ; for instance, if 36 parts of water per 60 parts of 
sulphuric anhydride be taken, a compound is formed which crystallises 
in the cold, and mflts at + 8°, whilst oil of vitriol does not solidify even 
at— 30°. If still more water be taken, the oil of vitriol will dissolve in 
the remaining quantity of water. An evolution of heat takes place, 
not only on the addition of the water of constitution, but in a less 
degree on further additions of water. 72 And therefore there is no 
distinct boundary, but only a gradual transition, between . those 
chemical phenomena which are expressed in the formation of solutions 
and those which take place in the formation of the most stable 
hydrates. 78 

w The diagram given in note 98 shows' the evolution of heat on the mixture of 
sulphuric acid, or mono-hydrate (H a SO<, *.«. 80 s + H?OJ, with different quantities of water 
per 100 Tola, of the resultant solution. Every 06 grams of sulphurio acid (H 3 SO.|) evolve, 
on the addition olf 18 grams of water, 6\870 units of heat ; with twice or three times the 
quantity of water 0,418 and 11487 units of heat, and with an infinitely large, quantity of 
water 17,860 units of heat, according to the determinations of Thomson. He also showed 
-that when H^0 4 is formed from BO s (-80) and H,0 (-18), 91,808 units of heat are 
evolved per 08 parts by weight of the resultant sulphuric acid. 

n Thus, for different hydrates the stability with which they hold water is very dis- 
similar. Certain hydrates hold water very loosely, and in combining with it evolve little 
heat. From other hydrates the water cannot be separated by any degree of heat, even 
if they are formed from anhydrides [i.e. anhydrous substances) and water with little 
evolution of heat ; for instance, acetic anhydride in combining with water evolves an 
inconsiderable amount of heat, but the water cannot then be expelled from it. If the 
hydrate (acetic acid) formed by this combination be strongly heated it either volatilises 
without change, or decomposes into new substances, but it does not again yield the origU 
nal substances— *.«., the anhydride, and water, at least in a liquid form. Here is an 
instance which gives the reason foi calling the water entering into the composition of the 
hydrate, water of constitution. 8uoh, for* example, is the water entering into the so- 
called caustic soda or sodium hydroxide (see note 71). But there are hydrates which 
easily part with their water ; yet this water cannot be considered as water of crystallisa- 
tion, not only because sometimes such hydrates have no crystalline form, but also because, 
in perfectly analogous cases, very stable hydrates are formed, which are capable of parti* 
cular kinds of chemical reactions, as we shall subsequently learn. Such, for example, is 
the unstable hydreted oxide of copper, which is not formed from water and oxide of 
copper, but which is obtained just like far more stable hydrates, for example, the hydrated 
oxide of barium BaHaO) -equal to BaO + HjO, by the double decomposition of the solution 
of salts with alkalies. In a word, there is no distinct boundary either between the water 
ot hydrates and of crystallisation, or between solution and hydration. 

It must be observed that in separating from an aqueous solution, many substances, 
without having a crystalline form, hold water in the same unstable state as in crystals ; 
only 'this water cannot be termed • water of crystallisation' if the substance which 
separates out has no crystalline form. The hydrates of alumina and silica are examples 
of such unstable hydrates. If these substances ace separated from an aqueous solution 
by a c h e mic a l process, then they always contain water. TJie formation of a new chemical 
compound containing water is here particularly evident, for alumina and silica in aa 
anhydrous state have chemical properties differing from those they show when combined 
with water, and do not combine directly with it The entire series of oolloids on separ* 
attogtrom water torn similar compounds with it, which have the aspect of solid gelatinous 
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We have thus considered many aspects and degrees of combination 
of various substances with water, or instances of the compounds of 
water, when it and other substances form new homogeneous substances, 
which in this case will evidently be complex — i.e. made up of different 
substances— and although they are homogeneous, yet it must be 
admitted that in them there exist those component parts which entered 
into their composition, inasmuch as these parts may be re-obtained from 
them. It must not be imagined that water really exists in hydrate of 
lime, any more than that ice or steam exists in water. When we say 
that water occurs in the composition of a certain hydrate, we only wish 
to point out that there are chemical transformations in which it is 
possible to obtain that hydrate by means of water, and other transfor- 
mations in which this water may be separated out from the hydrate. 
This is ah simply expressed by the words, that water enters into the 
composition of this hydrate. If a hydrate be formed by feeble bonds, 
and be decomposed even at the ordinary temperature, and be a liquid, 
then the water appears as one of the products of dissociation, and 
this gives an idea of what solutions are, and forms the fundamental 
distinction between them and other hydrates in which the water is 
combined with greater stability 

substance 9. Water is held in a considerable quantity in solidified gloe or boiled albumin. 
It cannot be expelled from them by pressure ; hence, in this case there has ensued some 
kind of combination of the substance with water. This water, however, is easily separated 
on drying ; but not the whole of it, a portion being retained, and this portion is considered 
to belong to the hydrate, although in this case it is very difficult, if not impossible, to 
obtain definite compounds. The absence of any distinct boundary lines between solu- 
tions, crystallo-hydrates, and ordinary hydrates above referred to, is very clearly seen la 
such examples. 
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CHAPTER II 

THE COMPOSITION OF WATER, HYDROGEN 

The question now arises, Is not water itself a compound substance t 
Cannot it be formed by the mutual combination of some component 
parts t Cannot it be broken up into its component parts f There can- 
not be the least doubt that if it does split up, and if it is a compound, 
then it is a definite one characterised by the stability of the union 
between those component parts from which, it is formed. From the 
fact alone that water passes into all physical states as a homogeneous 
whole, without in the least varying chemically in its properties and 
without splitting up into its component parts (neither solutions nor 
many hydrates can be distilled —they are split up), we must conclude, 
from this fact alone, that if water is a compound then it is a stable and 
definite chemical compound capable of entering into many other com- 
binations, like many other great discoveries in the province of 
chemistry, it is to the end of the last century that we are indebted 
for the important discovery that water is not a simple substance, that 
it is composed of two substances like a number of other compound 
substances. This was proved by two of the methods by which the com- 
pound nature of bodies may be directly determined , by analysis 
and by synthesis — that is, by a method of the decomposition of water 
into, and of the formation of water from, its component parts. In .1781 
Cavendish first obtained water by burning hydrogen in oxygen, both of 
which gases were already known to him. He concluded from this that 
water was composed of two substances. But he did not make more 
accurate experiments, which would have shown the relative quantities 
of the component parts in water, and which would have determined its 
complex nature with certainty. Although his experiments were the 
first, and although the conclusion he drew from them was true, yet such 
novel ideas as the complex nature of water are not easily recognised so 
long us there is no series of researches which entirely and indubitably 
proves the truth of such a conclusion. The fundamental experiments 
which proved the complexity of water by the method of synthesis, and 
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of its formation from other substances, were made in 1789 by Monge, 
Lavoisier, Fourcroy, and Vauquelin. They obtained four ounces of 
water by burning hydrogen, and found that water consists of 15" parts 
of hydrogen and 85 parts of oxygen. It was also proved that the 
weight of water formed was equal to the sum of the weights of the 
component parts entering into its composition ; consequently, water con* 
tains all the matter entering into oxygen and hydrogen. The com- 
plexity of water was proved in this manner by a method of synthesis. 
But we will turn to its analysis— i.e. tjp its decomposition into its com- 
ponent parts. The analysis may be more or less complete. Either 
both component parts may be obtained in a separate state, or else 
only one is separated and the other is converted into a new compound 
in which its amount may be determined by weighing. This will be a 
reaction of substitution, such as is often taken advantage of for 
analysis. The first analysis of water was thus conducted in 1784 by 
Lavoisier and Meusnier. The apparatus they arranged consisted of a 
glass retort containing water previously purified, and of which the 
weight had been determined. The neck of the retort was inserted into 
it porcelain tube, placed inside an oven, and heated to a red heat by 
charcoal. Iron filings, which decompose water, at a red heat, were 
placed inside this tube. The end of the tube was connected with a 
worm, for condensing any water which might pass through the tube 
undecomposed. This condensed water was collected in a separate 
flask. The gas formed by the decomposition was collected over water 
In a bell jar. The aqueous vapour in passing over the red-hot iron wag 
decomposed, and a gas was formed from it whose weight could be 
determined from its volume, its density being known. Besides the 
water which passed through the tube unaltered, a certain quantity of 
water disappeared in the experiment, and this quantity, in the experi- 
ments of Lavoisier and Meusnier, was equal to the weight of gas which 
was collected in the bell jar plus the increase in weight of the iron 
filings. Hence the water was decomposed into a gas, which was 
collected in the bell jar, and a substance, which combined with the 
iron ; consequently, it is composed of these two component parts. This 
was the first analysis of water ever made ; but here only one (and not 
both) of tho gaseous component parts of water was collected separately. 
Both tho component parts of water can, however, be simultaneously 
obtained in a free state. For this purpose the decomposition is brought 
about by a galvanic current or by heat, as we shall learn directly. 1 

* The filat experiment* of ihe eyntheeit and decomposition of water did not afford, 
*, an ©ntirely convincing proof that water wm composed of hydrogen and oxygen 
Dtvy, who foveetigated ihe decomposition of water by the galvanic current. 
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Water is a bad conductor of electricity — that is, pure water does 
not transmit a feeble current ; but if any salt or acid be dissolved in 
it, then its conductivity increases, and on the passage of a current 
through acidified water- it is decomposed into its component parts. 
Some sulphuric acid is generally added to the water. By immersing 
platinum plates (electrodes) in this water (platinum is chosen because 
it is not acted .on by acids, whilst many other metals are chemically 
acted on by acids), and connecting them with a galvanic battery, it 
will be observed that bubbles of gas appear on these plates. The gas 
which separates is called detonating gas,* because, on ignition, it very 
easily explodes. 8 What takes place is as follows :— First, the water, 
by the action of the current, is decomposed into two gases. The 
mixture of these gases forms detonating gas. When detonating gas is 
brought into contact with an incandescent substance— for instance, a 
lighted taper— the gases re-combine, forming water, the combination 
being accompanied by a great evolution of heat, and therefore the 
vapour of the water formed expands considerably, which it does very 
rapidly, and as a consequence, an explosion- takes place — that is, sound 
and increase of pressure, and atmospheric disturbance, as in the ex* 
plosion of gunpowder. 

In order to discover what gases are obtained by the decomposition 
of water, the gases which separate at each electrode must be collected 
separately. For this purpose a V-shaped tube is taken ; one of its 
ends is open and the other fused up. A platinum wire, terminating 
inside the tube in a plate, is fused into the closed end ; the closed end 

thought for a long time that, besides the gases, an acid and alkali were also obtained. 
He was only convinced of the fact that water contains nothing but hydrogen and oxygen 
by a long series of researches, which showed him that the appearance of an acid and 
alkali in the decomposition of water proceeds from the presence of impurities (especially 
from the presence of ammonium nitrate) in water. A final comprehension of the com* 
position of water is obtained from the accurate -determination of the quantities of the 
component parts which enter into its composition. It will be seen from this how many 
data are necessary for proving the composition of water — that is, of the transformations 
of which it is capable. What has been said of water refers to all other compounds ; the 
investigation of each one, the entire proof of its compcsition, can only be obtained by the 
accumulation of a large mass of data referring to it 

* This gas is collected in a voltameter. 

s In order to observe this explosion without the slightest danger, it is best to proceed 
in the following manner. Some soapy water is prepared, so that it easily forms soap 
bubbles, and it is poured into an iron trough. In this water, the end of a gas-conducting 
tube is immersed. This tube is connected with any suitable apparatus, in which deto- 
nating gas is evolved. 8oap bubbles, full of this gas, are then formed. If the apparatus 
in which the gas is produced be then removed (otherwise the explosion might travel into 
the interior of the apparatus), and a lighted taper be brought to the soap bubbles, a very 
sharp explosion takes place. The bubbles should be small to avoid any danger; ten, 
each about the sise of a pea, suffice to give a sharp report, like a pistol shot. 
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is entirely filled with water 4 acidified with sulphuric acid, and another 
platinum wire, terminating in a plate, is immersed in the open end. 
If a current from a galvanic battery be now passed through the wirea 
an evolution of gases will be observed, and the gas which is obtained 
in the open branch passes into the air, while that in the closed branch 
accumulates above the water As this gas accumulates it displaces the 
water, which continues to descend in the closed and ascend into the 
open branch of the tubes. When the water, in this way, reaches the 
top of the open end, the passage of the current is stopped, and the gas 
which was evolved from one of the electrodes only is obtained in the 
apparatus. By this means it is easy to prove that a particular gas 
appears at each electrode. If the closed end be connected with the 
negative pole — i.e. with that joined to the zinc— then the gas collected 
in the apparatus is capable of burning. This may be demonstrated by 
the following experiment : — The bent tube is taken off the stand, and 
its open end stopped up with the thumb and inclined in such. a manner 
that the gas passes from the closed to the open end. It will then be 
found, on applying a lighted lamp or taper, that the gas burns. This 
combustible gas is hydrogen. If the same experiment be carried on 
with a current passing in the opposite direction — that is, if the closed 
end be joined up with the positive pole (i.e. with the carbon, copper, 
or platinum), then the gas which is evolved from it does not itself burn, 
but it supports combustion very vigorously, so that a smouldering taper 
in it immediately bursts into flame. This gas, which is collected at the 
anode or positive pole, is oxygen, which is obtained, as we saw before 
(in the Introduction), from mercury oxide and is contained in air. 

Thus in the decomposition of water oxygen appears at the positive 
pole and hydrogen at the negative pole, 4bls so that detonating gas will be 
a mixture of both. Hydrogen burns in air from the fact that in doing 
so it re-forms water, with the oxygen Of the air. Detonating gas 

4 In order to fill the tube with water, it is turned up, bo that the dosed end point* 
downwards and the open end upwards, and water acidified with sulphuric acid is poured 
into it. 

4 bu Owing to the gradual but steady progress made during the last twenty -five yean 
in the production of an electric current from the dynamo and its transmission over con- 
siderable distances, the electrolytic decomposition of many compound bodies hasacquired 
great importance, and the use of the electric current is making its way into many chemical 
manufactures. Hence, Prof. D. A. Lachinoffs proposal to obtain hydrogen and oxygen 
. (both of which have many applications) by means of electrolysis (either of a 10 to 16 per cent. 
solution of caustic soda or a 15 per cent, solution of sulphuric acid) may find a practical 
application, at all events in the future. In general, owing to their simplicity, electrolytic 
methods have a great future, but as yet, so Jong as the production of an electric current 
remains so costly, their application is limited. And for this reason, although certain of 
these methods are mentioned in this work, they are not specially considered, the more 
so since a profitable and proper use of the electric current for chemical purposes require* 
special electro-technical knowledge which beginners cannot be assumed to have, and 
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Pro. 18.— Decomposition of water 
by the salrauio currant, for 
determining the relation to 
iween the volume* of bydrogso 
and oxygen. 



explodes from the fact that the hydrogen burns in the oxygen mixed 
with it. It is very easy to measure the relative quantities of one and 
the other gas which are evolved in the decomposition of water For 
this purpose a funnel is taken, whose orifice 
is closed by a cork through which two platinum 
wires pass. These wires are connected 
with a battery. Acidified water is poured 
into the funnel, and a glass cylinder full of 
water is placed over the end of each wire 
(fig. 18). On passing a current, hydrogen and 
oxygen collect in these cylinders, and it will 
easily be seen that two volumes of hydrogen are 
evolved for every one volume of oxygen. This 
signifies that, in decomposing, water gives two 
volumes of hydrogen and one volume of oxygen. 
Water is also decomposed into its com- 
ponent parts by the action of heat. At the 
melting point of silver (960°), and in its 
presence, water is decomposed and the oxygen 
absorbed by the molten silver, which dis- 
solves it so long as it is liquid. But directly the silver solidifies the 
oxygen is expelled from it However, this experiment is not entirely 
convincing ; it might be thought that in this case the decomposition of 
the water did not proceed from the action of heat, but from the action 
of the silver on water — that silver decomposes water, taking up the 
oxygen. If steam be passed through a red-hot tube, whose internal 
temperature attains 1,000°, then a portion * of the water decomposes 
into its component parts, forming detonating gas. But on passing 
into the cooler portions of the apparatus this detonating gas again re- 
unites and forms water. The hydrogen and oxygen obtained combine 
together at a lower temperature. 6 Apparently the problem — to show 
the decomposability of water at high temperatures — is unattainable. 

therefore, an exposition of the principles of electrotechnology aa applied to the production 
of chemical transformations, although referred to in places, does not come within the 
scope of the present work. 

4 Aa water is formed by the combination of oxygen and hydrogen, with a considerable 
evolution of heat, and as it can also be decomposed, this reaction is a reversible one 
{tee Introduction), and consequently at a high temperature the decomposition of -water 
cannot be complete— it is limited by the opposite reaction. Strictly speaking, it is 
not known how much water is decomposed at a given temperature, although many efforts 
(Bunsen, and others) have been made in various directions to solve this question. Not 
knowing the coefficient of expansion, and the specific heat of gases at such high tern* 
peratares, renders all calculations (from observations of the pressure on explosion) 
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It was considered as such before Henri Sainte-Clairo Deville (in the 
fifties) introduced the conception of dissociation into chemistry, as of 
a change of chemical state resembling evaporation, if decomposition be 
likened to boiling, and before he had demonstrated the decomposability 
of water by the action of heat in an experiment which will presently be 
described. In order to demonstrate clearly the dissociation of water, 
or its decomposability by heat, at a temperature approaching that at 
which it is formed, it was necessary to separate the hydrogen from the 
oxygen at a high temperature, without allowing the mixture to cool. 
Deville took advantage of the difference between the densities of 
hydrogen and oxygen. 

A wide porcelain tube p (fig. 19) is placed in a furnace, which can 
be raised to a high temperature (it should be' heated with small pieces 





Pio. !•.— Dccompojltion of water by the action of heat, and the separation of the hydrogen formed by 
Its permeating through a porous tube. 

of good coke). In this tube there is inserted a second tube T, of 
small* t diameter, made of unglazed earthenware and therefore porous. 

Orovo, in 1847, observed that a platinum wire fused in the oxy-hydrogen flame- 
that 1m, 1 wing acquired the temperature of the formation of water — and having formed 
drop at its end which fell into water, evolved detonating gas — that is, decern- 
1 v. tor. It therefore follows that water already decomposes at the temperature of 
tion. At that time, this formed a scientific paradox ; this we shall unravel 
the development of the conceptions of dissociation, introduced into science 
8ainte-Claire Deville, in 1857. These conceptions form an important epoch 
e, and their development is one of the problems of modern chemistry. The 
f the matter is that, at high temperatures, water exists but also decomposes, 
volatile liquid, at a certain temperature, exists both as a liquid and as a vapour. 
as a volatile liquid saturates a space, attaining its maximum tension, so also 
acts of dissociation have their maximum tension, and once that is attained 
lition ceases, just as evaporation ceases. Under like conditions, if the vapour 
d to escape (and therefore its partial pressure be diminished), evaporation re- 
ee, so also if the products of decomposition be removed, decomposition again 
«. These simple conceptions of dissociation introduce infinitely varied conse. 
uto the mechanUm of chemical reactions, and therefore we shall have occasion 
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The ends of the tube are luted to the wide tube, and two tubes, o and 
c\ are inserted into the ends, as shown in the drawing. With this 
arrangement it is possible for a gas to pass into the annular space be- 
tween the walls of the two tubes, from whence it can be collected. 
Steam from a retort or flask is passed through the tube D, into the 
inner porous tube t. This steam on entering the red-hot space is de- 
composed into hydrogen and oxygen. The densities of these gases are 
very different, hydrogen being sixteen times lighter than oxygen. 
Light gases, as we saw above, penetrate through porous surfaces very 
much more rapidly than denser gases,- and therefore the hydrogen 
passes through the pores of the tube into the annular space very much 
more rapidly than the oxygen. The hydrogen which separates out into 
the annular space can only be collected when this space docs not 
contain any oxygen. If any air remains in this space, then the hydro- 
gen which separates out will combine with its oxygen and form water. 
For this reason a gas incapable of supporting combustion — for instance, 
nitrogen or carbonic anhydride — is previously passed into the annular 
space. Thus the carbonic anhydride is passed through the tube o, and 
the hydrogen, separated from the steam, is collected through the tube o', 
and will be partly mixed with carbonic anhydride. A certain portion 
of the carbonic anhydride will penetrate through the pores of the un- 
glazed tube into the interior of the tube t. The oxygen will remain 
in this tube, and the volume of the remaining oxygen will be half that 
of the volume of hydrogen which separates out from the annular 
8pace. 6bi * 

The decomposition of water is effected much more easily by a 
method of substitution, taking advantage of the affinity of substances 
for the oxygen or the hydrogen of water. If a substance be added to 

to return to them very often. We may add that Grove also concluded that water was 
decomposed at a white heat, from the fact that he obtained detonating gaa by passing 
steam through a tube with a wire heated strongly by an electric current, and also by 
passing steam over molten oxide of lead, he obtained, on the one hand, litharge ( = oxide 
of lead and oxygen), and on the other, metallic lead formed by the action of hydrogen. 

e bi* p w t f the oxygen will also penetrate through the pores of the tube ; but, as was 
said before, a much smaller quantity than the hydrogen, and as the density of oxygen is 
sixteen times greater than that of hydrogen, the volume of oxygen which passes through 
the porous walls will be four times less than the volume of hydrogen (the quantities of 
gases passing through porous walls are inversely proportional to the square roots of their 
densities). The oxygen which separates out into the annular space will combine, at a 
certain fall of temperature, with the hydrogen; but as each volume of oxygen only 
requires two volumes of hydrogen, whilst at least four volumes of hydrogen will pass 
through the porous walls for every volume of oxygen that passes, therefore, part of the 
hydrogen will remain free, and can be collected from the annular space. A corresponding 
quantity of oxygen remaining from the decomposition of the water can be collected from 
the internal tube. 
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water, which takes up the oxygen and replaces the hydrogen* then we 
shall obtain the latter gas from the water. Thus with sodium, water 
gives hydrogen, and with chlorine, which takes up the hydrogen, 
oxygen is obtained. 

Hydrogen is evolved from water by many metals, which are capable 
Of forming oxides in air — that is, which are capable of burning or com- 
bining with oxygen. The capacity of metals for combining with 
oxygen, and therefore for decomposing water, or for the evolution of 
hydrogen, is very dissimilar. 7 Among metals, potassium and sodium 
exhibit considerable energy in this respect. The first occurs in potash, 

' In order to demonstrate the difference of the affinity of oxygen for different 
elements, it is enough to compere the amount* of heaU which are erolved in their combi- 
nation with 16 parts by weight of oxygen ; in the case of sodium (when Na,0 is formed, 
or 46 parts of Na combine with 16 parts of oxygen, according to Beketoff) 100,000 calories 
(or units of heat), are erolved, for hydrogen (when water, H a O, is formed) 69,000 calories, 
for iron (when the oxide FeO is formed) 60,000, and if the oxide Fe,0 3 is formed, 
64,000 calories, for zinc (ZnO is formed) 86,000 calories, for lead (when PbO is formed) 
61,000 calories, for copper (when CuO is formed) 88,000 calories, and for mercury (HgO 
U formed) 81,000 calories. 

These figures cannot correspond directly with the magnitude of the affinities, for the 
physical and mechanical side of the matter is very different in the different cases. 
Hydrogen is a gas, and, in combining with oxygen, gives a liquid ; consequently it change* 
its physical state, and, in doing so, evolves heat. But zinc and copper are solids, and, 
in combining with oxygen, give solid oxides. The oxygen, previously a gas, now peases 
into a solid or liquid state, and, therefore, also must have given up its store of beat in 
forming oxides. As we shall afterwards see, the degree of contraction (and conse» 
quently of mechanical work) was different in the different cases, and therefore the 
figures expressing the heat of combination cannot directly depend on the affinities, on 
the loss of internal energy previously in the elements. Nevertheless, the figures above 
cited correspond, in a certain degree, with the order in which the elements stand in 
respect to their affinity for oxygen, as may be seen from the fact that the mercury oxide, 
which evolves the least heat (among the above examples), is the least stable is easily 
decomposed, giving up its oxygen ; whilst sodium, the formation of whose oxide is accom- 
panied by the greatest evolution of heat, is able to decompose all the other oxides, taking 
up their oxygen. In order to generalise the connection between affinity and the evolu- 
tion and the absorption of heat, which is evident in its general features, and was firmly 
established by the researches of Favre and Silberman (about 1840), and then of Thomson 
(in Denmark) and Berthelot (in France), many investigators, especially the one last 
mentioned, established the law of maximum work. This states that only those chemical 
reactions take place of their own accord in which the greatest amount of "h"r»i?*1 
mi, potential) energy is transformed into heat But, in the first place, we are not 
able, judging from what has been said above, to distinguish that heat which corresponds 
ti purely chemical action from the sum total of the heat observed in a reaction (in the 
rimeter); in the second place, there are evidently endothermal reactions which 
>eed under the same circumstances as exothermal (carbon burns in the vapour of 
[)hur with absorption of heat, whilst in oxygen it evolves heat) ; and, in the third 
place, there are reversible reactions, which when taking place in one direction evolve 
t, and when taking piece in the opposite direction absorb it; and, therefore, the 
iciple of maximum work in its elementary form is not supported by science. But the 
ject continues to be developed, and will probably lead to a general law, each as 
thermal chemistry does not at present po ssess . 
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the second in soda. They are both lighter than water, soft, and easily 
change in air. By bringing one or the other of them in contact with 
water at the ordinary temperature, 8 a quantity of hydrogen, correspond- 
ing with the amount of the metal taken, may be directly obtained. 
One gram of hydrogen, occupying a volume of 11*16 litres at 0° and 
760 mm., is evolved from every 39 grams of potassium, or 23 grams of 
sodium. The phenomenon may be. observed in the following way : a 
solution of sodium in mercury— or f sodium amalgam,' as it is generally 
called— is poured into a vessel containing water, and owing to its 
weight sinks to the bottom ; the sodium held in the mercury then acts 
on the water like pure sodium, liberating hydrogen. The mercury does 
not act here, and the same amount of it as was taken for dissolving the 
sodium is obtained in the residue. The hydrogen is evolved gradually 
in the form of bubbles, which pass through the liquid. 

Beyond the hydrogen evolved and a solid substance, which remains 
in solution (it may be obtained by evaporating the resultant solution) 
no other products are here obtained. Consequently, from the two sub- 
stances (water and sodium) taken, the 6ame number of new substances 
(hydrogen and the substance dissolved in water) have been obtained, 
from which we may conclude that the reaction which here takes place 
is a reaction of double decomposition or of substitution. The resultant 
solid is nothing else but the so-called caustic soda (sodium hy- 
droxide), which is made up of sodium, oxygen, and half of the hydrogen 
contained in the water. Therefore, the substitution took place between 
the hydrogen and the sodium, namely half of the hydrogen in the water 
was replaced by the sodium, and was evolved in a free state. Henoe 
the reaction which takes place here may be expressed by the equation 

• If a piece of metallic sodium be thrown into water, it floats on it (owing to its light- 
ness), keeps in a state of continual motion (owing to the evolution of hydrogen on 
all sides), and immediately decomposes the water, evolving hydrogen, which can be 
lighted. This experiment may, however, lead to an explosion should the sodium stick to 
the walls of the vessel, and begin to act on the limited mass of water immediately adjacent 
to it (probably in this case NaHO forms with Na, Na^O, which acts on the water, evolving 
much heat and rapidly forming steam), and the experiment should therefore be carried 
on. with caution. The decomposition of water by sodium may be better demonstrated, 
and with greater safety, in the following manner. Into a glass cylinder filled with mer* 
cury, and immersed in a mercury bath, water is first introduced, which will, owing to ite 
lightness, rise to the top, and then a piece of sodium wrapped in paper is introduced with 
forceps into the cylinder. The metal rises through the mercury to the surface of the 
water, on which H remains, and evolves hydrogen, which collects in the cylinder, and 
may be tested after the experiment has been completed. The safest method of making 
Ibis experiment is, however, as follows. The sodium (cleaned from the naphtha in which 
it is kept) is either wrapped in fine copper gauze and held by forceps, or else held in 
forceps at the end of which a small copper cage' it attached, and is then held under 
water. The evolution of hydrogen goes on quietly, and it ma? be collected in a ball 
jar and then lighted. 



Digitized by 



Google 



122 PRINCIPLES OF CHEMISTRY 

H 2 + Na=NaHO-f H ; the meaning of this is clear from what hat 
already been said. 9 

Sodium and potassium act on water at the ordinary temperature. 
Other heavier metals only act on it with a rise of temperature, and 
then not so rapidly or vigorously. Thus magnesium and calcium only 
liberate hydrogen from water at its boiling point, and zinc and iron 
only a red heat, whilst a whole series of heavy metals, such as copper, 
lead, mercury, silver, gold, and platinum, do not in the least decompose 
water at any temperature, and do not replace its hydrogen. 

From this it is clear that hydrogen may be obtained by the decom- 
position of steam by the action of iron (or zinc) with a rise of tempera* 
ture. The experiment is conducted in the following manner : pieces 
of iron (filings, nails, &c), are placed in a porcelain tube, which is then 
subjected to a strong heat and steam passed through it. The steam, 

• This reaction is vigorously exothermal, i.e. it is accompanied by the evolution of 
heat. If a sufficient quantity of water be taken the whole of the sodium hydroxide, NaHO, 
formed is dissolved, and about 42,500 units of heat are evolved per 23 grams of sodium 
taken. As 40 grams of sodium hydroxide are produced, and they in dissolving, judging 
from direct experiment, evolve about 10,000 calories ; therefore, without an excess of 
water, and without the formation of a solution, the reaction would evolve about 82,500 
calories. We shall afterwards learn that hydrogen contains in its smallest isolable par- 
ticles H) and not H, and therefore it follows that the reaction should be written thus— 
2Na + 2H,0 = H 3 + 2NaHo, and it then corresponds with an evolution of heat of +05,000 
calories. And as N. N. Beketoft* showed that Na^O, or anhydrous oxide of sodium, forms 
the hydrate, or sodium hydroxide (caustic soda), 2NaHO, with water, evolving about 85,500 
calories, therefore the reaction 2Na+H 3 = H 3 + Na 3 corresponds to 20,600 calories. 
This quantity of heat is less than that which is evolved in combining with water, in the 
formation of caustic soda, and therefore it is not to be wondered at that the hydrate, NaHO, 
Is always formed and not the anhydrous substance Na^O. That such a conclusion, which 
agrees with facts, is inevitable is also seen from the fact that, according to Beketoff, the 
anhydrous sodium oxide, Na 2 0, acts directly on hydrogen, with separation of sodium, 
NaaO ♦ H = NaHO+ Na. This reaction is accompanied by an evolution of heat equal to 
about 8,000 calories, because NajO + H Q gives, as we saw, 85,500 calories and Na + H*0 
evolves 82,600 oalories. However, an opposite reaction also takes place — NaHO + Na- 
Na?0 + H (both with the aid of heat) — consequently, in this case heat is absorbed. In 
this we see an example of calorimetric calculations and the limited application of the law 
of maximum work for the general phenomena of reversible reactions, to which the case 
just considered belongs. But it must be remarked that all reversible reactions evolve or 
absorb but little heat, and the reason of the law of maximum work, not being universal* 
must first of all be looked for in the fact that we have no means of separating the heat 
which corresponds with the purely chemical process from the turn total of the heat 
observed, and as the structure of a number of substances is altered by beat and also by 
contact, we can scarcely hope that the time approaches when such a distinction will be 
possible. A heated substance, in point of fact, has no longer the original energy of ita 
atoms— that is, the act of heating not only alters the store of motion of the molecules 
trat also of the atoms forming the molecules, in other words/it makes the beginning of or 
^•^mparation for chemical change. From this it must be concluded that thermo-cbemistry, 
I Ubi study of tho heat accompanying chemical transformations, cannot be identified 
Hiabemical mechanics. Thenno-chemicaj data form a part of is, but they alone cannot 
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coining into contact with the iron, gives up its oxygen to it, and thus 
the hydrogen is set free and passes out at the other end of the tube 
together with undecomposed steam. This method, which is historically 
very significant, 10 is practically inconvenient, as it requires a rather 
high temperature. Further, this reaction, as a reversible one (a red- 
hot mass of iron decomposes a current of steam, forming oxide and 
hydrogen ; and a mass of oxide of iron, heated to redness in a stream 
of hydrogen, forms iron and steam), does not proceed in virtue of .the 
comparatively small difference between the affinity of oxygen for iron 
(or zinc) and for hydrogen, but only because the hydrogen escapes, as 
it is formed, in virtue of its elasticity. 11 If the oxygen compounds — 
that is, the oxides — which are obtained from the iron or zinc, be able 
to pass into solution, then the affinity acting in solution is added, and the 
reaction may become non- reversible, and proceed with comparatively 
much greater facility. 13 As the oxides of iron and zinc, by themselves 

10 The composition of water, as we saw above, was determined by passing steam over 
red-hot iron ; the same method has been used for making hydrogen for filling balloons. 
An oxide having the composition Fe 3 4 is formed in the reaction, so that it is expressed 
by the equation 9Fe + 4H*0 = Fe 5 4 + 8H. 

11 The reaction between iron and water (note 10) is reversible. By heating the oxide 
in a current of hydrogen, water and iron are obtained. From this it follows, from the 
principle of chemical equilibria, that if iron and hydrogen be taken, and also oxygen, but 
in such a quantity that it is insufficient for combination with both substances, then it will 
divide itself between the two ; part of it will combine with the iron and the other part 
with the hydrogen, but a portion of both will remain in an uncombined state. 

Therefore, if iron and water be placed in a closed space, decomposition of the water 
will proceed on heating to the temperature at which the reaction 3Fe + 4H t * Fe 5 4 + 8H 
commences; but it ceases, does not go on to the end, because the conditions for a 
reverse reaction are attained, and a state of equilibrium will ensue after the decomposition 
of a certain quantity of water. Here again (tee note 9) the reversibility is connected with 
the small heat effect, and again both reactions (direct and reverse) proceed at a red 
heat. But if, in the above-described reaction, the hydrogen escapes as it is evolved, then 
its partial pressure does not increase with its formation, and therefore all the iron can be 
oxidised by the water. In this we see the elements of that influence of mass to-which we 
shall have occasion to return later. With copper and lead there will be no decomposition, 
either at the ordinary or at a high temperature, because the affinity of these metals for 
oxygen is much less than that of hydrogen. 

11 In general, if reversible as well as non-reversible reactions can take place between 
substances acting on each other, then, judging by our present knowledge, the non- 
reversible reactions take place in the majority of cases, which obliges one to acknowledge 
the action, in this case, of comparatively strong affinities. The reaction, Zn + H a S0 4 =» 
H 3 +ZnS04, which takes place in solutions at the ordinary temperature, is scarcely re- 
versible under these conditions, but at a certain high temperature it becomes reversible, 
because at this temperature zinc sulphate and sulphuric acid split up, and the action must 
take place between the water and sine. From the preceding proposition ^results proceed 
which are in some cases verified by experiment. If the action of zinc or iron on a solu- 
tion of sulphuric acid presents a non-reversible reaction, then we may by this means 
obtain hydrogen m a very compressed state, and compressed hydrogen will not act on 
solutions of sulphates of the above-named metals. This is verified in reality as far as was 
possible in the experiments to keep up the compression or pressure of the hydrogen., 
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insoluble in water, are capable of combining with (have an affinity for) 
acid oxides (as we shall afterwards folly consider), and form saline and 
soluble substances, with acids, or hydrates having acid properties, hence 
by the action of such hydrates, or of their aqueous solutions, 13 iron 
and zinc are able to liberate hydrogen with great ease at the ordinary 
temperature — that is, they act on solutions of acids just as sodium acta 
on water. 14 Sulphuric acid, H2SO4, is usually chosen for this purpose ; 
the hydrogen is displaced from it by many metals with much greater 
facility than directly from water, and such a displacement is accompanied 
by the evolution of a large amount of heat 15 When the hydrogen in 

Those metals which do not evolve hydrogen with acids, on the contrary, should, at least 
at an increase of pressure, be displaced by hydrogen. And in fact Brunner showed thai 
gaseous hydrogen displaces platinum and palladium from the aqueous solutions of 
their chlorine compounds, but not gold, and Beketoff succeeded in showing that silver 
and mercury, under a considerable pressure, are separated from the solutions of certain 
of their compounds by means of hydrogen. Reaction already commences under a pres- 
sure of six atmospheres, if a weak solution of silver sulphate be taken ; with a stronger 
eolation a much greater pressure is required, however, for the separation of the silver. 

» For the same reason, many metals in acting on solutions of the alkalis displace 
hydrogen. Aluminium acts particularly clearly in this respect, because its oxide gives a 
soluble compound with alkalis. For the same reason tin, in acting on hydrochloric acid* 
evolves hydrogen, and silicon does the same with hydrofluoric acid. It is evident that 
in such cases the sum of all the affinities plays a part ; for instance, taking the action of 
sine on sulphuric acid, we have the affinity of sine for oxygen (forming zinc oxide, ZnO), 
the affinity of its oxide for sulphuric anhydride, SOj (forming zinc sulphate, ZnS0 4 ), and 
the affinity of the resultant salt, ZnS0 4 , for water. It is only the first-named affinity that 
sets in the reaction between water and the metal, if no account is taken of those forces 
[of a physico-mechauical character) which act between the molecules (for instance, the 
cohesion between the molecules of the oxide) and those forces (of a chemical character) 
which act between the atoms forming the molecule, for instance, between the atoms of 
hydrogen giving the molecule H 2 containing two atoms. I consider it necessary to' 
remark, that the hypothesis of the affinity or endeavour of heterogeneous atoms to enter 
into a common system and in harmonious motion (ue. to form a compound molecule) 
must inevitably be in accordance with the hypothesis of forces including homogeneous 
atoms to form complex molecules (for instance, H a ), and to build up the latter into solid 
or liquid substances, in which the existence of an attraction between the homogeneous 
particles must oertainly be admitted. Therefore, those forces which bring about solution 
must also be taken into consideration. These are all forces of one and the same series, 
this maybe seen the great difficulties surrounding the study of molecular mechanics 
and its province — chemical mechanics. 

14 It is acknowledged that zinc itself acts on water, even at the ordinary temperature, 

confined to small masses and only proceeds at the surface. In 

f a very fioo powder, or so-called .'sine dust,' is capable of 

with tho formation of oxide (hydrated) and hydrogen. The oxide 

ilphuric acid, water then dissolves the salt produced, and the action 

(I one of the products of the action of water on zinc, sine oxide, is removed 

One might naturally imagine that the reaction does not proceed 

the metal and water, but between the metal and the acid, but such & 

sotation, which wo shall cite afterwards, hides the mechanism of the reaction, 

permit of its actual complexity being seen. 

tion between zinc and a very weak solution of 
ta about 3a, 000 calorics (zinc sulphate being formed) per 65 parts 
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sulphuric acid is replaced by a metal, a substance is obtained which is 
called a salt of sulphuric acid or a sulphate. Thus, by the action of aino 
on sulphuric acid, hydrogen and zinc sulphate ZnS0 4 , ,5bi9 are obtained. 
The latter is a solid substance, soluble in water. In order that the 
action of. the metal on the acid should go on regularly, and to the end 
it is necessary that the acid should be diluted with water, which dis- 
solves, the salt as it is formed ; otherwise the salt covers the metal, 
and hinders the acid from attacking it. Usually the acid is diluted 
with from three to five times its volume of water, and the metal is 




Fio. 20.— Apparatus for the preparation of hydrogen from zinc and sulphuric acid. 

covered with thib solution. In order that the metal should act 
rapidly on the acid, it should present a large surface, so that a maxi- 
mum amount of the reacting substances may come into contact in a 
given time. For this purpose the zinc is used as strips of sheet zinc, 
or in the granulated form (that is, zinc which has been poured from a 
certain height, in a molten state, into water). The iron should be in 
the form of wire, nails, tilings, or cuttings. 

by, weight of sine; and 56 parts by weight of iron— which combine, like 65 parts by 
weight of zinc, with 16 parts by weight of oxygen — evolve about 25,000 calories (forming 
ferrous sulphate, FeS0 4 ). Paracelsus observed the action of metals on acids in the 
seventeenth century ; but it was not until the eighteenth century that Le*mery determined 
that the gas which is evolved in this action is a particular one which differs from air 
and is capable of burning. Even Boyle confused it with air. Cavendish determined the 
chief properties of the gas discovered by Paracelsus. At first it was called ' inflammable- 
air ' ; later, when it was recognised that in burning it gives water, it was called hydrogen, 
from the Greek words for water and generator. 

15 bis j( t wne n the sulphuric acid is poured over the zinc, the evolution of the hydrogea 
proceed too slowly, it may be greatly accelerated by adding a small quantity of a solutioo 
of CuS0 4 or Ptci* to the acid. The reason of this is explained in Chap. X VL, note 10 *•% 
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The usual method of obtaining hydrogen is as follows : — A certain 
quantity of granulated zinc is put into a double necked, or Woulfe'a, 
bottle Into one neck a funnel is placed, reaching to the bottom of 
the bottle, so that the liquid poured in may prevent the hydrogen from 
escaping through it. The gas escapes through a special gas- conducting 
tube, which is firmly fixed, by a cork, into the other neck, and ends in 
a water bath (fig. 20), under the orifice of a glass cylinder full of 
water. 16 If sulphuric acid be now poured into the Woulfe's bottle it 
will soon be seen that bubbles of a gas are evolved, which is hydrogen. 
The first part of the gas evolved should not be collected, as it is 
mixed with the air originally in the apparatus. This precaution 
should be taken in the preparation of all gases. Time must be allowed 

16 As laboratory experiments with gases require a certain preliminary knowledge, we 
will describe certain practical methods for the collection and preparation of gases. 
When in laboratory practice an intermittent supply of hydrogen (or other gas which is 
evolved without the aid of heat) is required the apparatus represented in fig. SI is the 
most convenient. It consists of two bottles, having orifices at the bottom, in which 
corks with tubes are placed, and these tubes are connected by an india-rubber tube 
(sometimes furnished with a spring clamp). Zinc is placed in one bottle, and dilute sul- 
phuric acid in the other The neck of the former is closed by a oork, which is fitted with 





roorenleot apparatus for the preparation of gases obtained without heat 
It may also replace aii aspirator or gasometer. 

ed with each' 

ve hydrogen. 

le containing 
y be placed at 

lto it, and in 
i an the other, 

gases (as an 



gas-conducting tube with a stopcock If the two bottles are connect, 
-other and the stopcock be opened, the acid will flow to the zinc and evol 
the stopcock be closed, the hydrogen will force out the acid from the bo1 
line, and the action will cease. Or the vessel containing the acid ma 
lower level than that containing the unc, when all the liquid will flow 
to start the action the acid vessel may be placed on a higher level t 
the acid will flow to the tine. It can also be employed for collecting 
rator or gasometer). 

laboratory practice, however, other forms of apparatus are generally employed for 

iting, collecting, and holding gases. We will here cite the most usual forms. An 

its of a vessel furnished with a stopcock at the bottom. A stout 

bich a glass tube passes, is fixed into the neck of this vessel. If the 

•1 be filled up with water to the oork and the bottom stopcock is opened, then the 
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for the gas evolved to displace all the air from the apparatus, otherwise 
in testing the combustibility of the- hydrogen an explosion may occur 

water will run out and draw gaa in. For this purpose the glass tube is connected with 
the apparatus from which it is desired to pump out or exhaust the gas. 

The aspirator represented in fig. 22 may be recommended for its continuous 
action. It consists of a tube d which widens out at the top, the lower part being long 
and narrow. In the expanded upper portion c, two tubes are sealed j one, «, for drawing 
In the gas, whilst the other, 6, is connected to the water supply w. The amount of watet 




Flo, W.— Continuous aspirator. The tube d should be more than 3S feet long. 

•applied through the tube 6 must be less than the amount which can be carried off by 
the tube d. Owing to this the water in the tube d will flow through it in cylinder* 
alternating with cylinders of gas, which will be thus carried away. The gas which b drawn 
through may be collected from the end of the tube <2, but this form of pump is usual]/ 
employed where the air or gas aspirated is not to be collected. If the tube & is of con- 
siderable length, say 40 ft. or more, a very fair vacuum will be produced, the amount of 
which is shown by the gauge g ; it is often used for filtering under reduced pres sur e, aa 

*7 
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from the formation of detonating gas (the mixture of the oxygen of the 
air with the hydrogen). 17 

shown in the figure. If water be replaced by mercury, and the length of the tube d be 
greater than 760 mm., the aspirator may be employed as an air-pump, and all the air 
may be exhausted from a limited space ; for instance, by connecting g with a hollow 
sphere. 

Gasholders are often used for collecting and holding gases. They are made of glass, 
copper, or tin plate. The usual form is shown in fig. 23. The lower Tessel B is made 
hermetically tight— 4*., impervious to gases— and is filled with water. .A funnel is 
attached to this vessel (on several supports). The vessel B communicates with the 

bottom of the funnel by a stopcock b and 
a tube a, reaching to the bottom of the 
vessel B. If water be poured into the 
funnel and the stopcocks a and b opened, 
the water will run through a, and the air 
escape from the vessel B by 6.. A glass 
tube/ runs up the side of the vessel B, with 
which it communicates at the top- and bot- 
tom, and shows the amount of water and 
gas the gasholder contains. In order to fill 
the gasholder with a gas, it is first filled 
with water, the cocks a, 6 and e are closed, 
the nut d unscrewed, and the end of the 
tube conducting the gas from the apparatus 
in which it is generated is passed into d. 
As the gas fills the gasholder, the water 
runs out at d. If the pressure of a gas be 
not greater than the atmospheric pressure 
and it be required to collect it in the gas- 
holder, then the stopcock e is put into 
communication with the space containing 
the gas. Then, having opened the orifice 
d, the gasholder acts like an aspirator; the 
gas will pass through 0, and the water run 
out at d. If the cocks be closed, the gas 
collected in the gasholder may be easily 
preserved and transported. If it be desired 
to transfer this gas into another vessel, 
then a gas-conducting tube is attached to e, the cock a opened, b and d dosed, and the 
gas will then pass out at e, owing to its pressure in the apparatus being greater than the 
atmospheric pressure, due to the pressure of the water poured into the runnel. If it 
be required to fill a cylinder or flask with the gas, it is filled with water and inverted in 
the funnel, and the stopcocks b and a opened. Then water * ill run through a, and the 
(rill escape from the gasholder into the cylinder through 6. 

* When it is required to- prepare hydrogen in large quantities for -filling balloons, 

copper vessels or wooden casks lined with lead are employed ; they are filled with scrap 

iron, over which dilute Bulphuric acid is poured. The hydrogen generated from a number 

of casks is carried through lead pipes into special casks containing water (in order to cool 

the gas) and lime (in order to remove acid fumes). To avoid loss of gas all the joints are, 

made hermetically tight with cement or tar. In order to fill his gigantic balloon (of 

000 cubic metres capacity), Giffard, in 1878, constructed a complicated apparatus for 

giving a continuous supply of hydrogen, in which a mixture of sulphuric acid and water 

as continually run into vessels containing iron, and from which the solution of iron 

ned was continually drawn off. When coal gas, extracted from coal, is 

employed for filling balloons, it should be as light, or as rich in hydrogen, as possible. 




Fig. 23.— Gas 
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Hydrogen, besides being contained in water, is also contained in 
many other substances, 18 and may be obtained from them. As examples 
of this, it may be mentioned (1) that a mixture of formate of sodium, 
CHNaOj, and caustic soda, NaHO, when heated to redness, forms 
sodium carbonate, Na 2 COj, and hydrogen, H 3 ; l9 (2) that a number of 
organic substances are decomposed at a red heat, forming hydrogen, 
among other gases, and thus it is that hydrogen is contained inordinary 
coal gas. 

Charcoal itself liberates hydrogen from steam at a high tempera- 
Cure ; ,0 but the reaction which here takes place is distinguished by a 
certain complexity, and will therefore be considered later. 

The properties of hydrogen. — Hydrogen presents us with an example 
of a gas which at first sight does not differ from air. It is not sur- 
prising, therefore, that Paracelsus, having discovered that an aeriform 
substance is obtained by the action of metals on sulphuric acid, did not 
determine exactly its difference from air. In fact, hydrogen, like air, it 

For this reason, only the last portions of the gas coining from the retorts are collected, 
and, besides this, it is then sometimes passed through red-hot vessels, in order to 
decompose the hydrocarbons as much as possible ; charcoal is deposited in the red-hot 
vessels, and hydrogen remains as gas. Coal gas may be yet further enriched in hydro* 
gen, and consequently rendered lighter, by passing it over an ignited mixture of charcoal 
and lime. 

L. Mond (London) proposes to manufacture hydrogen on a large scale from water gas 
($ee infra, and Chapters VTIL and IX.), which contains a mixture of oxide of carbon (CO) 
and hydrogen, and is produced by the action of steam upon incandescent coke (C + HjO 
■■CO ♦ H?}. He destroys the oxide of carbon by converting it into carbon and carbonio 
anhydride (2CO»C + CO a ), which is easily done by means of incandescent, finely -divided 
metallic nickel ; the carbon then remains with the nickel, from which it may be removed 
by burning it in air, and the nickel can then be used over again (see Chapter IX., Note 
94 bis). The CO a formed is removed from the hydrogen by passing it through milk of 
lime. This process should apparently give hydrogen on a large scale more economically 
than any of the methods hitherto proposed. 

»• Of the metals, only a very few combine with hydrogen (for example, sodium), 
and give substances which are easily decomposed. Of the non-metals, the halogens 
(fluorine, chlorine, bromine, and iodine) most easily form hydrogen compounds ; of these 
the hydrogen compound of chlorine, and still more that of fluorine, is stable, whilst 
those of bromine and iodine are easily decomposed, especially the latter. The other 
non-metals— for instance, sulphur, carbon, and phosphorus— give hydrogen compound* 
of different composition and properties, but they are all less stable than water. The 
number of the carbon compounds of hydrogen is enormous, but there are very few 
among them which are not decomposed, with separation of the carbon and hydrogen, at 
a red heat. 

*• The reaction expressed by the equation CNaHOi+NaBO»CNa*O s +fts m*y *• 
effected in a glass vessel, like the decomposition of copper carbonate or mercury oxide 
{tee introduction) ; it Is non-reversible, and takes place without the presence of water, 
and therefore Pictet (see later) made use of it to obtain hydrogen under great pres su re. 

" The reaction between charcoal and superheated steam is a double one— that (a, 
there may be formed either carbonio oxide, CO (according to the equation HjO+O 
•H* + CO), or carbonic anhydride CO, (according to the equation aH«0 + 0-SH,+CO^ 
and the resulting mixture is called water-ga* ; we shall speak of it in Chapter DC 
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colourless, and has no smell ;** bat a more intimate acquaintance with 
its properties proves it to be entirely different from air. The first sign 
which distinguishes hydrogen from air is its combustibility. This 
property is so easily observed that it is the one to which recourse is 
usually had in order to recognise hydrogen, if it is evolved in a re- 
action, although there are many other combustible gases. But before 
speaking of the combustibility and other chemical properties of hydro- 
gen, we will first describe the physical properties of this gas, as we 
did in the case of water. It is easy to show that it is one of the 
lightest gases. 22 If passed into the bottom of a flask full of air, 
hydrogen will not remain in it, but, owing to its lightness, rapidly 
escapes and mixes with the atmosphere. If, however, a cylinder whose 
orifice is turned downwards be filled with hydrogen, it will not escape, 
or, more correctly, it will only slowly mix with the atmosphere. This 
may be demonstrated by the fact that a lighted taper sets fire to the 
hydrogen at the orifice of the cylinder, and is itself extinguished inside 
the cylinder. Hence, hydrogen, being itself combustible, does not 
support combustion. The great lightness of hydrogen is taken advan- 
tage of for balloons. Ordinary coal gas, which is often also used for 
the same purpose, is only about twice as light as air, whilst hydrogen is 

n Hydrogen obtained by the action of zinc or iron on sulphuric acid generally smells 
of hydrogen sulphide (like rotten eggs), which it contains in admixture. As a rule such 
hydrogen is not so pure as that obtained by the action of an electric current or of sodium 
on water. The impurity of the hydrogen depends on the impurities contained in the 
sine, or iron, and sulphuric acid, and on secondary reactions which take place simul- 
taneously with the main reaction. Impure hydrogen may be easily freed from the 
impurities it contains : some of them— namely, those having acid properties— are absorbed 
*y caustic soda, and therefore may be removed by passing the hydrogen through a solu- 
tion of this substance ; another series of impurities ia absorbed by a solution of mercuric 
chloride ; and, lastly, a third series is absorbed by a solution of potassium permanganate. 
If absolutely pure hydrogen bo required, it is sometimes obtained by the decomposition 
of water (previously boiled to expel ail air, and mixed with pure sulphuric acid) by the 
galvanic current. Only the gas evolved at the negative electrode is collected. Or else, 
*n apparatus like that which gives detonating gas is used, the positive electrode, however, 
being immersed under mercury containing sine in solution. The oxygen which is evolved 
at this electrode then immediately, at the moment of its evolution, combines with the 
sine, and this compound dissolves in the sulphuric acid and forms tine sulphate, which 
remains in solution, and therefore the hydrogen generated will be quite free from oxygen. 
An inverted beaker ia attached to one arm of the beam of a tolerably sensitive 
balance, and its weight counterpoised by weights in the pan attached to the other arm. 
If the beaker be then filled with hydrogen it rises, owing to the air being replaced by 
nyorogen. Thus, at the ordinary temperature of a room, a litre of air weighs about 1*9 
-i, and on replacing the air by hydrogen a decrease in weight of about 1 gram per 
to obtained. Moist hydrogen is heavier than dry— for aqueous vapour is nine time* 
than hydrogen. In filling balloons it is usually calculated that (it being imposv. 
have perfectly dry hydrogen or to obtain it quite free from air) the lifting foroe 
*"i difference between the weights of equal volumes of hydrogen and air is equal 
am (■ 1,000 grams) per cubic metre (=1,000 litres). 
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14} times lighter than air. A very simple experiment with soap 
bubbles very well illustrates the application of hydrogen for filling 
balloons. Charles, of Paris, showed the lightness of hydrogen in this 
way, and constructed a balloon filled with hydrogen almost simul- 
taneously with Montgolfier. One litre of pure and dry hydrogen" at 

B The density of hydrogen in relation to the air has been repeatedly determined by 
accurate experiments. The first determination, made by Lavoisier, was not very exact ; 
taking the density of air as unity, he obtained 0*0760 lor that of hydrogen — that is, 
hydrogen as thirteen times lighter than air. More accurate determinations are due to 
Thomson* who obtained the figure 00693 ; Berxelius and Dulong, who obtained 0-0688 ; 
and Dumas and Boussingault, who obtained 0*06945. _Regnault, and more recently Le 
Due (1892), took two spheres of considerable capacity, which contained equal volumes of 
air (thus avoiding the necessity of any correction for weighing them in air). Both spheres 
were attached to the scale pans of a balance. One was sealed tap, and the other first 
weighed empty and then full of hydrogen. Thus, knowing the weight of the hydrogen 
filling the sphere, and the capacity of the sphere, it was easy to find the weight of a litre 
of hydrogen ; and, knowing the weight of a litre of air at the same temperature and 
pressure, it was easy to calculate the density of hydrogen. Begnault, try these expert* 
ments, found the average density of hydrogen to be 0*06996 in relation to air; Le Due, 
0*06948 (with a possible error of ±0*00001), and this latter figure must now be looked upon 
as near to the truth. 

In this work I shall always refer the densities of all gases to hydrogen, and not 
to air ; I will therefore give, for the sake of clearness, the weight of a litre of dry pure 
hydrogen in grams at a temperature t° and under a pressure H (measured in millimetres 
of mercury at 0°, in lat. 45°).. The weight of a litre of hydrogen 

-"»**&>' i^dsm** 

For aeronauts it is very useful to know, besides this, the weight ol the air at different 
heights, and I therefore insert the adjoining table, constructed on the basis of Qlsisher*e 
data, for the temperature and moisture of the atmospheric strata in clear weather. All 
the figures are given in the metrical system—1,000 millimetres = 89*37 inches, 1,000 kilo- 
grams = 9904*8875 lbs^ 1,000 cubic metres •**■ 85,316-6 cubic feet The starting temperature 
at the earth's surface is taken as =15° C, its moisture 60 px, pressure 760 millimetres. 
The pressures are taken as indicated by an aneroid barometer, assumed to be corrected 
at the sea level and at lat. 45°i If the freight above the level of ^he sea equal s kilo- 
metres, then the weight of 1 cubic metre of air may be approximately taken as 1*222- 
0*12r + 0-00877S 3 kilogram 



Pressure 


Temperature, i 


Moisture. 


Height 


Weight of the air 


760 mm. 


15° C» 


60p-c 


metres 


1222 kilos.. 


700 „ 


110° „ 


64 „ 


690 „ 


i 1 " .» ) 9 


650 „ 


76° „ 


64 „ 


1800 „ 


1073 „ /H 


600 „ 


4'8° „ 


«8 „ 


1960 „ 


1003 „ f | 

wi » ; 


550 „ 


+ 1*0° „ 


62 „ 


2660 „ 


500 „ 


- 2*4° „ 


*8 n 


8420 „ 


8*7 „ >*| 


450 „ 


- 6*8° n 


*2 „ 


4*50 M 


781 r, [g 


400 „ 


- »1° n 


" ., 


5170 „ 


708 „ l g 


850 f , 


-12-5° w 


86 „ 


6190 „ 


624 „ lg 


800 „ 


-15*9° „ 


«7 „ 


7860 „ 


649 „ Uf 


250 „ 


-19*2° „ 


18 ,, 


8720 „ 


457 „ / 



Although the figures in this table are calculated with every possible care from average, 
data, yet they can only be taken approximately, for in every separate case the 4xmftitioD% 
both at the earth's surface and in the atmosphere, will differ from those here taken. In 
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0° and 760 mm. pressure weighs 008986 gram ; that is, hydrogen is 
almost 14 J (more exactly, 14*39) times lighter than air. It is the 
lightest of all gase9. The small density of hydrogen determines- many 
remarkable properties which it shows ; thus, hydrogen passes exceed- 
ingly rapidly through fine orifices, its molecules (Chapter I.) being 
endued with the greatest velocity. 11 At pressures somewhat higher 
than the atmospheric pressure, all other gases exhibit a greater 
compressibility and co- efficient of expansion than they should accord- 
ing to the laws of Mariotte and Gay-Lussao ; whilst hydrogen, on 
the contrary, is compressed to a less degree than it should be from 
the law of Mariotte," and with a rise of pressure it expands slightly 

calculating the height to which a balloon can ascend, it it trident that the density of gat 
In rel&tion to air mutt be known. This dentity for ordinary coal gat it from 0*6 to 0*85, 
and for hydrogen with itt ordinary contents of moisture and air from 01 to 016. 

Hence, for instance, it may be calculated that a balloon of 1,000 cubic metres capacity 
filled with pure hydrogen, and weighing (the envelope, tackle, people, and ballast) 727 
kilograms, will only ascend to a height of about 4,850 metres. 

u If a cracked flask be filled with hydrogen and its neck immersed under water or 
mercury, then, the liquid will rise up into the flask, owing to the hydrogen passing 
through the cracks about 8*8 timet quicker than the air it able to pass through these 
cracks into the flask. The same phenomenou may be better observed if. instead of a flask, 
a tube be employed, whose end is doted by a porout substance, such at graphite, unglased 
earthenware, or a gypsum piste. 

w According to Boyle and Mariotte's law, for a glren gas at a constant temperature 
the volume decreases by as many timet at the presture increase* ; that is, this law requires 
that the product of the volume v and the pressure p for a given gas should be a constant 
quantity: po-G, a constant quantity which doet not vary with a change of pressure. 
This equation doe's very nearly and exactly express the observed relation between the 
volume and pressure, but only within comparatively small variations of pressure, density, 
and. volume. If these variations be in any degree considerable, the quantity pv proves 
to be dependent on the pressure, and it either increases or diminishes with an increase 
of pressure. In the former case the compressibility is less than it should be according 
to Mariotte't law, in the latter case it is greater. We will call the first case a positive 
discrepancy (because then d(pv)'d(p) is greater than tero), and the second case a 
negative discrepancy (because then d{pv) /d(p) it less than tero). Determinations made 
by myself (in the seventies), M. L. Kirploheff, and V. A. Hemllian showed that all known 
gases at low pressures— i.e. when considerably rarefied— present positive discrepancies. 
On the other hand, it appears from the researches of Oailletet, Natterer, and Ainagat that 
all gates under great pressures (when the volume obtained is 500-1,000 times less than 
under the atmospherio pressure) also present positive discrepancies. Thus under a pres- 
sure of 8,700 atmospheres air is compressed, not 3,700 timed, but only 800. and hydrogen 
1,000 times. Hence the positive kind of discrepancy is, so to say, normal to gases. And 
this is easily intelligible. If a gas followed Mariotte's law, or if it were compressed to a 
greater extent than is shown by this law, then witter great pressures it would attain a 
density greater than that of solid and liquid substances, which is in itself improbable and 
even impossible by reason of the fact thtt solid and liquid substances are themselves but 
little compressible. For instance, a cubic centimetre of oxygen at 0° and under the at- 
mospheric pressure weighs about 00014 gram, and at a pressure of 8,000 atmosphere* 
(this pressure it attained in gunt) it would, if it followed Mariotte's law, weigh 4 3 grams 
— tliat is, would be about four times heavier than water— and at a pressure of 10,000 
atmospheres it would be heavier than mercury Besides this, positive discrepancies ace 
probable because the molecules of a gas themselves must occupy a certain volume. Con* 
•(dering that Mariotte't law. strictly speakings applies only to the intermolecular space, ws> 
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lets than at the atmospheric pressure. 16 However, hydrogen, like 
air and many other gases which are permanent at the ordinary tern* 

can understand the necessity of positive discrepancies. If we designate the volume of the 
molecules of a gas by b (like van der Waals, set Chap. I., Note 84), then it must be expected 
that p (v — b) ■ C Hence pv-C+bj>, which expresses a positive discrepancy. Supposing 
that for hydrogen jn* » 1,006, at a pressure of one metre of mercury, according to the results 
of Regnault' a, Amagat's, and Nstterer's experiments, we obtain 6 as approximately 07 to Oil. 

Thus the increase of pv with the increase of pressure mttst be considered as the 
normal law of the compressibility of gases. Hydrogen presents such a positive compres 
sibility at all pressures, for it presents positive discrepancies from Mariotte's law, accord 
tag to Regnault, at all pressures above the atmospheric pressure. Hence hydrogen is, 
so to say, a perfect gas. No other gas behaves so simply with a change of pressure. All 
other gases at pressures from 1 to 80 atmospheres present negative discrepancies— thai 
is, they are then compressed to a greater degree than should follow from Mariotte's law, 
as was shown by the determinations of Regnault, which were verified when repeated by 
myself and Boguxsky. Thus, for example, on changing the pressure from 4 to SO metres 
of mercury — that is, on increasing the pressure five times — the volume only decreased 
4*98 times when hydrogen was taken, and 506 when air was taken. 

The positive discrepancies from the law at low pressures are of particular interest, 
and, according to the above* mentioned determinations made by myself, Kirpicheff, 
and Hemflian, and verified (by two methods) by K. D. Kraevitch and Prof. Ramsay 
(London, 1894), they are proper to all gases (even to those which are easily compressed 
into a liquid state, such as carbonic and sulphurous anhydrides). These discrepancies 
approach the case of a very high rarefaction of gases, where a gas is near to a condition of 
maximum dispersion of its molecules, and perhaps presents a passage towards the sub- 
stance termed 4 luminiferous ether' which fills up interplanetary and interstellar space. 
If we suppose that gases are rarefiable to a definite limit only, having attained which 
they (like solids) do not alter in volume with a decrease of pressure, then on the one 
hand the passage of the atmosphere at its upper limits into a homogeneous ethereal 
medium becomes comprehensible, and on the other hand it would be expected that gases 
would, in a state of high rarefaction (i.e. when small masses of gases occupy large 
volumes, or when furthest removed from a liquid state), present positive discrepancies 
from Boyle and Mariotte's law. Our present acquaintance with this province of highly 
rarefied gases is very limited (because direct measurements are exceedingly difficult to 
make, and are hampered by possible errors of experiment, which may be considerable), 
and its further development promises to elucidate much in respect to natural phenomena. 
To the three states of matter (solid, liquid, and gaseous) it is evident a fourth must yet 
be added, the ethereal or ultra- gaseous (as Crookes proposed), understanding by this, 
matteT in its highest possible state of rarefaction. 

M The law of Gay-Lnssac states that all gases in all conditions present one coefficient 
of expansion 000887 ; that is, when heated from 0° to 100° they expand like air , 
namely, a thousand volumes of a gas measured at 0° will occupy 1867 volumes at 100° 
Regnault, about 1850, showed that Gay-Lussac's law is not entirely correct, and that 
different gases, and also one and the same gas at different pressures, have not quite the 
same coefficients of expansion. Thus the expansion of air between 0° and 100° is 0867 
under the ordinary pressure of one atmosphere, and at three atmospheres it is 0871, the 
expansion of hydrogen is 0*866, and of carbonic anhydride 0*87. Regnault, however, did 
not directly determine the change of volume between 0° and 100°, but measured the 
variation of tension with the change of temperature; but since gases do not entirely 
follow Mariotte's law, the change of volume cannot be directly judged by the variation 
of tension. The investigations carried on by myself and Kayander, about 1870, showed- 
the variation of volume on heating from 0° to 100° under a constant pressure These 
investigations confirmed Regnault's conclusion that Gay-Lussac's law is not entirely 
correct, and further showed (1) that the expansion per volume from 0° to 100° under a 
pressure of one atmosphere, for air * 0*368, for hydrogen =0*867, for carbonic anhydride 
-0-373, for hydrogen bromide » 0-886, &c; (2) that for gases which are more compress 
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perature, does not pass into a liquid state under a very considerable 
pressure, 37 but is compressed into a lesser volume than -would follow 

siblo than should follow from Mariotte's law the expansion by heat increases with the 
pressure— for example, for air at a pressure of three and a half atmospheres, it equals 
0*871, for carbonio anhydride at ©no atmosphere it equals 0*878, at three atmospheres 
0*889, and at eight atmospheres 0*418 ; (8) that for gases which are less compressible 
than should follow from Mariotte'siaw, the expansion by heat decreases with an increase of 
pressure — for example, for hydrogen at one atmosphere 0*807, at eight atmospheres 0869, 
for sir at a quarter of an atmosphere 0*870, at one atmosphere 0*868 ; and hydrogen like 
air (and all gases) is less compressed at low pressure* than should follow from Mariotte's 
law (see Note 25). Hence, hydrogen, starting from sero to the highest pressures, exhibits 
a gradually, although only slightly, Tarying coefficient of expansion, whilst for air and 
other gases at the atmospheric and higher pressures, the coefficient of expansion 
increases with the increase of pressure, so long as their compressibility is greater than 
should follow from Mariotte's law. But when at considerable pressures, this kind of 
discrepancy passss into the normal {see Note 25), then the coefficient of expansion of all 
gases decreases with an increase of pressure, as is seen from the researches of Amagat. 
The difference between the two coefficients of expansion, for a constant pressure and for 
a constant volume, is explained by these relations. Thus, for example,. for air at a 
pressure of one atmosphere the true coefficient of expansion (the volume varying at con* 
slant pressure) «= 0*00368 (according to Mendcle*eff and Kayander) and the variation of 
tension (at a constant volume, according to Regnault) =0*00367. 

97 Permanent gases are those which cannot be liquefied by an increase of pressure 
alone. With a rise of temperature, all gases and vapours become permanent gases. As 
we shall afterwards learn, carbonic anhydride becomes a permanent gas at temperatures 
above 81°, and at lower temperatures it has a maximum *«*nsion, and may be liquefied 
by pressure alone. 

The liquefaction of gases, accomplished by Faraday {nee Ammonia, Chapter VI.) and 
others, in the first half of this century, showed that a number of substances arc capable, 
like water, of taking all three physical states, and that there is no essential difference 
between vapours and gases, the only distinction being that the boiling points (or the 
temperature at which the tension =760 mm.) of liquids lie above the ordinary tempera- 
iure, and those of liquefied gases below, and consequently a gas is a superheated vapour, 
or vapour heated above the boiling' point, or removed from saturation, rarefied, having 
a lower tension than that maximum which is proper to a given temperature and sub- 
stance. We will here cite the maximum tensions of certain liquids and gases at various 
temperatures, because they may be taken advantago of for obtaining constant tempera- 
tures by changing the pressure at which boiling or the formation of saturated vapours 
takes place. (I may remark that the dependence between the tension of the saturated 
vapours of various substances and the temperature is very complex, and usually requires 
three or four independent constants, which vary with the nature of the substance, and 
are found from the dependence of the tension p on the temperature t given by experi- 
ment ', but in 1892 K. D. Kraevitch showed that this dependence is determined by the 
properties of a substance, such as its density, specific heat, and latent heat of evapora- 
tion.) The temperatures (according to the air thermometer) are placed on the left, and 
the tension in millimetres of mercury (at 0°) on the right-hand side of the equations. 
Carbon bisulphide, Ca^, 0° = 127*9; 10° = 198*5; 20° = 2981; 80° = 431*6; 40° = 617*5; 
60° = 8571. Chlorobenzene, C e H 5 Cl, 70° = 97*9; 80° = 141*8; 90° = 208*4 ; 100° = 2928; 
110° =-402*6; 120<> = 542*8; 180° = 719*0. Aniline, C 8 H 7 N, 150° = 288*7; 160° -8870; 
170° = 515*6; 180° = 677*2; 185° = 771*5. Methyl salicylate, C^O,, 180° = 294*4; 190° 
- 880*9 ; 200° = 482*4 ; 210° - 557*5 ; 220° = 710*2 ; 224° = 779 9. Mercury, Hg, 800° = 246*8 ; 
810° = 804*9; 820° = 873*7-4 880° = 454*4; 840*= 548*6; 850° = 6580; 869° = 770*9. Sul- 
phur, 8, 895° = 800 ; 428° = 500 ; 443° - 700 ; 462° = 800 ; 459°'= 900. These figures (Ram- 
cay, and Young) show the possibility of obtaining constant temperatures in the vapours 
of boiling liquids by altering the pressure. We may add the following boiling points 
Under a pressure of 760 mm. (according to the air thermometer by Collendar and 
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from Mariotte's law.* 8 From this it may bo concluded that the abso^ 
late boiling point of hydrogen, and of gases resembling it," lies very 

Griffiths, 1891): aniline, 184° = 13; naphthalene, 217° =94"; benzophenone, 805° =82; 
mercury, 856° =76; triphenyl-methane, 866° -44; sulphur, 444° = 58. And melting 
points: tin, 281° = 68; bismuth, 069° = 22; lead, 827° =69; and zinc, 417° -57. These 
data may be' used for obtaining a constant temperature and for verifying thermometers* 
The same object may be attained by the melting points of certain salts, determined 
according to the air thermometer by V. Meyer and Riddle (1893) : NaCl, 851° ; NaBr, 
727°; Nal, 660°; KC1, 760°; KBr, 715°; KI, 628°; K^CO,, 1045°; Na^CO* 1098°; 
Na»B 4 O t , 873° ; Na^SO^, 848° ; K,S0 4> 1078°. The tension of liquefied gases is expressed 
in atmospheres. 8ulphurous anhydride, 80 2 , - 80° = 0*4 ; - 20° = 0*6 ; - 10° = 1 ; 0° = 15 J 
+ 10° -28; 20° = 8 2; 80° = 6 8. Ammonia, NHj, -40° =07; -80° = 11; -20°- 18; 
-10° = 28; 0° = 4'2; +10° -60; 20 3 =8'4. Carbonic anhydride, C0 2 , -115° = 0-033; 
-80° = 1; -70° = 21; -60° = 89; -50°=6'8; -40° = 10; -20° = 23; 0°«85 ; +10° 
= 46 ; 20° = 58. Nitrous oxide, N 3 0, - 125° = 0083 ; - 92° = 1 ; - 80° = 19 ; - 50 ' = 76 1 
-20°=231; 0°»361; + 20° = 553. Ethylene, C a H 4 , -140° = 0033; -130°=01; 
-108° = 1; -40° = 13; -1°»42. Air, -191° = 1; -158° = 14; -140'=89. Nitrogen, 
N* -208° =0085; -193°=1; -160° =14; -146° =82. The methods of liquefying 
gases (by pressure and cold) will be described under ammonia, nitrous oxide, sulphurous 
anhydride, and in later footnotes. We will now turn our attention to the fact that the 
evaporation of volatile liquids, under various, and especially under low, pressures, gives* 
an easy means for obtaining low temperature: Thus liquefied carbonic anhydride, under 
the ordinary pressure, reduces the temperature to —80°, and when it evaporates in a 
rarefied atmosphere (under an air-pump) to 25 mm. (=0*038 atmosphere) the tempera- 
ture, judging by the above-cited figures, falls to* —115° (Dewar). Even the evaporation 
of liquids of common occurrence, under low pressures easily attainable with an air-pump, 
may produce low temperatures, which may be again taken advantage of for obtaining 
still lower temperatures. Water boiling in a vacuum becomes cold, and under a pressure 
of less than 4*5 mm. it freezes, because its tension at 0? is 4 5 mm. A sufficiently low- 
temperature may be obtained by forcing fine streams of air through common ether, or 
liquid carbon bisulphide, CS?, or methyl chloride, CHjCl, and other similar volatile 
liquids. In the adjoining table are given, for certain gases, (1) the number of atmo- 
spheres necessary for their liquefaction at 15°, and (2) the boiling points of the resultant 
liquids under a pressure of 760 mm. 

0,H, N.O CO. H.S A»Hi NH, HCl CH,C1 C.N. SO. 

(1) 42 31 62 10 8 7 25 4 4 3 

(2) -103° -92° -80° -74' -58» -38° -35* -24° -21° -10° 

*» batterer's determinations (1851-1854), together with Amagat's results (1880-1888), 
show that the compressibility of hydrogen, under high pressures, may be exposed by 
the following figures :— 

p » 1 100 1000 2500 

t> = 1 00107 0*0019 0*0018 

pv « 1 107 1*0 8'25 

• =. 0*11 10-8 58 86 

where n - the pressure in metres of mercury, v » the volume, if the volume taken under 

a pressure of 1 metre = 1, and $ the weight of a litre of hydrogen at 20° in grams. If 

hydrogen followed Mariotte's law, then under a pressure of 2,500 metres, one litre would 

contain not 85, but 265 grams. It is evident from the above figures that the weight of 

a litre of the gas approaches a limit as the pressure increases, which is doubtless the 

density of the gas when liquefied, and therefore the weight of a litre of liquid hydrogen 

will probably be near 100 grams (density about 01, being less than that of all other 

liquids). 

" Cagniard de Latour, on heating ether in a closed tube to about 190°, observed that 
at this temperature the liquid is transformed into vapour occupying the original volume— 
that is, having the same density as the liquid. The further investigations made by Drion 
and myself showed that, every liquid has such an absolute boiling point, above which 
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much below the ordinary temperature ; that is, that the liquefaction of 

it cannot wrist m a liquid and is transformed into a dense gas. In order to grasp the tree 
signification of this absolute boiling temperature, it must be remembered that the liquid 
state is characterised by a cohesion of its particles which does not exist in vapours and 
gases. The cohesion of liquids is expressed in their capillary phenomena (the breaks 
te a column of liquid, drop formation, and rise in capillary tubes, &c.), and the product of 
the density of a liquid into the height to which it rises in a capillary tube (of a definite 
diameter) may serve as the measure of the magnitude of cohesion. Thus, in a tube of 
1 mm. diameter, water at HP-rises (the height being corrected for the meniscus) 14*8 mm., 
and ether at t° to a height 5D6-00S8 t° mm. The cohesion of a liquid is lessened by 
heating, and therefore the eapfllary heights are also diminished. It has been shown 
by experiment that this decrement is proportional to the temperature, and hence by the 
aid of capillary observations we are able to form an idea that at a certain rise of 
temperature the cohesion may become =»0. For ether, according to the above formula, 
this would occur at 191°. If the cohesion disappear from a liquid it becomes a gas, 
for cohesion is the only point of difference between these two states. A liquid in 
evaporating and overcoming the force of cohesion absorbs heat. Therefore, the absolute 
boiling point was defined by me (1861) as that temperature at which (a) a liquid cannot 
exist as a liquid, but forms a gas which cannot pass into a liquid state under any pres- 
sure whatever; (o) cohesion -0; sod (r) the latent heat of evaporation »0. 

This definition was but little known until Andrews (1869) explained the matter from 
another aspect. Starting from gasee, he discovered that carbonic anhydride cannot 
be liquefied by any degree of compression at temperatures above 81°, whilst at lower 
temperatures it can be liquefied. He called this temperature the critical temperature. 
It is evident that it is the same as the absolute boiling point We shall afterwards 
designate it by tc. At low temperatures a gas which is subjected to a pressure greater 
than ite maximum tension (Note 97) is transformed into a liquid, which, in evaporating, 
gives a saturated vapour possessing this maximum tension ; whilst at temperatures above 
tc the pressure to which the gas is subjected may increase indefinitely. However, under 
these conditions the volume of the gas does not change indefinitely but approaches a 
definite limit (see Note 94)— that is, it resembles in this respect a liquid or a solid which 
is altered but little in volume by pressure. The volume which a liquid or gas occupies 
at tc is termed the critical volume, sod corresponds with the critical preuure, which 
we will designate by pc and express in atmospheres. It is evident from what has been 
said that the discrepancies from Mariotte and Boyle's law, the absolute boiling point, the 
density in liquid and comp re s sed 'gaseous states, and the properties of liquids, must all 
be intimately connected together. We will consider these relations in one of the follow- 
ing notes. At present we will supplement the above observations by the values of tc and 
pc for certain liquids and gases which have been investigated in this respect— 
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and Ouy (1891) showed that tc and pc clearly depend upou the composition 
wular weight 



Digitized by 



Google 



THE COMPOSITION OF WATER, HYDROOEIT 



137 



this gtu is only possible at low temperatures, and under great pressures. 30 
This conclusion was verified (1877) by the experiments of Pictet and 
Cailletet. 31 They compressed gases at a very low temperature, and 

50 I came to this conclusion in 1870 (Ann. Phyt Chem. 141, Odd). 
31 Pictet, in his researches, effeoied the direct liquefaction of many gases which op to 
that time had not been liquefied. He employed the apparatus used for the manufacture 
of ice on a large scale, employing the vaporisation of liquid 'sulphurous anhydride, 
which may be liquefied by pressure alone. This anhydride is a gas which is transformed 
into a liquid at the ordinary temperature under a pressure of several atmospheres {$ee 
Note 27), and boils at - 10° at the ordinary atmospheric pressure. This liquid, like all 
others, boils at a lower temperature under a diminished pressure, and by continually 
pumping out the gas which comes off by means of a powerful air-pump its boiling point 
fall* as low as —76°. Consequently, if on the one hand we force liquid sulphurous 
anhydride into a vessel, and on the other hand pump out the gas from the same vessel 
by powerful air-pumps, then the liquefied gas will boil in the vessel, and cause the tem- 
perature in it to fall to — 75°. If a second vessel is placed inside this vessel, then another 
gaa may be easily liquefied in it at the low temperature produced by the boiling liquid 
sulphurous anhydride. Pictet in this manner easily liquefied carbonic anhydride, CO« 
(at —60° under a pressure of from four to six atmospheres). This gas is more refractory 
to liquefaction than sulphurous anhydride, but for this reason it gives on evaporating a 
still lower temperature than can be attained by the evaporation of sulphurous anhydride. 
A temperature of —80° may be obtained by the evaporation of liquid carbonic anhydride at 
a pressure of 760 mm., and in an atmosphere rarefied by a powerful pump the temperature 
falls to — 140°. By employing such low temperatures, it was possible, with the aid of 
pressure, to liquefy the majority of the other gases. It is evident that special pumps 
.which are capable of rarefying gases are necessary to reduce the pressure in the 
chambers in which the sulphurous and carbonic anhydride boil ; and that, in order t 
re-condense the resultant gases into liquids, special force pumps are required for pumping 
the liquid anhydrides into the refrigerating chamber. Thus, in Pictet's apparatus 
(fig. 84), the carbonic anhydride was liquefied by the aid of the pumps B F\ which 




Fio. K-*General arrangement of tbe apparatus employed by Pictet tor liquefying gasss* 
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then allowed them to expand, either by direetly decreasing the pressure 
or by allowing tbeui to escape into the air, by which means the tem- 
perature fell still lower, and then, just as steam when rapidly rarefied ** 

compressed the gas (at a pressure of 4-6 atmospheres) and forced it into the tube K, 
vigorously cooled by being surrounded by boiling liquid sulphurous anhydride, which 
was condensed in the tube C by the pump B, and rarefied by the pump A- The 
liquefied carbonic anhydride. flowed down the tube K into the tube H, in which it was 
subjected to * - ow pressure by the pump E, and thus gave a very low temperature of 
about —140°. The pump E carried off the vapour of the carbonic anhydride, and con- 
ducted it to the pump F, by which it was again liquefied. The carbonic anhydride thus 
made an entire circuit— that is, it passed from a rarefied vapour of small tension and low 
temperature into a compressed and cooled gas, which was transformed into a liquid, which 
again vaporised and produced a low temperature. 

Inside the wide inclined tube H, where the carbonio acid evaporated, was placed a 
second and narrow tube M containing hydrogen, which was generated in the vessel L 
from a- mixture of sodium formate and caustic soda (CH0 2 Na+NaHO-»Na t C0 1 +H a ). 
This mixture gives hydrogen on heating the vessel L. This vessel and the tube M 



were made of thick coppc 



withstand great pressures. Ihey wore, more- 



over, hermetically connected together and closed up. Thus the hydrogen which was 
evolved had no outlet, accumulated in a limited space, and its pleasure increased in 
proportion to the amount of it evolved. This pressure was recorded on a metallic mano- 
meter R attached to the end of the tube M. As the hydrogen in this tube was submitted 
to a very low temperature and a powerful pressure, all the necessary conditions were 
present for its liquefaction. When the pressure in the tube H became steady — i.e. when 
the temperature had fallen to —140° and the manometer R indicated a pressure of 650 
atmospheres in the tube M — then this pressure did not rise with a further evolution of 
hydrogen in the vessel L. This served as an indication that the tension of the vapour of 
the hydrogen had attained a maximum corresponding with —140°, and that consequently 
all the excess of the gas was condensed to a liquid. Pictet convinced himself of this 
by opening the cock N, when the liquid hydrogen rushed out from the orifice. But, on 
leaving a space where the pressure was equal to 050 atmospheres, and coming into contact 
with air under the ordinary pressure, the liquid or powerfully compressed hydrogen 
expanded, began to boil, absorbed still more heat, and became still colder. In doing so 
a portion of the liquid hydrogen, according to Pictet, passed into a solid state, and did 
not fall in drops into a vessel placed under the outlet N, but as pieces of solid matter, 
Which struck against the sides of tho vessel liko shot and immediately vaporised; 
Thus, although it was impossible to see and keep the liquefied hydrogen, still it was 
clear that it passed not only into a liquid, but also into a solid state. Pictet in his ex- 
periments obtained other gases which hod not previously been liquefied, especially oxygen 
and nitrogen, in a liquid and solid state. Pictet supposed that liquid and solid hydrogen 
has the properties of a metal, liko iron. 

•* At the same time (1870) as Pictet was working on the liquefaction of gases In 
. iind, Cailletet, in Paris, was occupied on the some subject, and his results, 
3Ug]uiiiLfi0_£flnjrirtciog as Pictet's, still showed that the majority of gases, previously 
pf passing into a liquid state. Cailletet subjected gases to a 
■i atmospheres in narrow thick-walled glass tubes (fig. 25) ', he 
I ga as far as possible by surrounding it with a freezing mix* 
ned for the outlet of mercury from the tube containing 
npidly and vigorously expanded. This rapid expansion of 
old, }nst as the rapid compression of a gas evolves heat and 
This cold was produced at the expense of the gas itself, 
were not able to absorb beat from the walls of the 
! tho expanding gas was transformed into liquid. This 
hdoud-like drops like a fog which rendered the gas 
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deposits liquid water in the form of a fog, hydrogen in expanding" 
forms a fog, thus indicating its passage into a liquid state. But as yet 
it has been impossible to preserve this liquid, even for a short time, 
to determine its properties, notwithstanding the employment of a tern* 
perature of —200° and a pressure of 200 atmospheres,* 1 although by 

opaque. Thus CaiUetet proved the possibility of the liquefaction of gases, but he did not . 
isolate the liquids. The method of Csilletet allows the passage of gases into liquids, 
being observed with greater facility and simplicity than PieteVs method, which requires 
a very complicated and expensive apparatus. 

The methods of Pictet and Cailletet were afterwards improved by Olszewski, 
Wroblewski, Dewar, sjnd qthers. In* order to obtain a still lower temperature they em* 
ployed, instead of carbonic acid gas, liquid ethylene or nitro- 
gen and oxygen, whose evaporation at low pressures pro- 
duces a much lower temperature (to -200°). They also 
improved on the methods of determining such low tern* 
-perature*, but the methods were not essentially altered; 
they obtained nitrogen and oxygen in a liquid, and nitrogen 
even in a solid, state, but no one has yet succeeded in seeing 
hydrogen in a liquid form. 

The most illustrative and instructive results (because 
they gave the possibility' of maintaining a very low tem- 
perature and the liquefied gas, even air, for a length of 
time) were obtained in recent years by Prof. Dewar in the 
Royal Institution of London, which is glorified by the names 
of Davy, Faraday, and Tyndall. Dewar, with the aid of 
powerful pumps, obtained many kilograms of oxygen and 
air (the boiling point under the atmospheric pressure 
a -190°) in a liquid state and kept them in this state for 
a length of time by means of open glass vessels with 
double walls, having a vacuum between them, which pre- 
vented the rapid transference of heat, and so gave the pos- 
sibility of maintaining very low temperatures inside the 
vessel for a long period of time. The liquefied oxygen or 
air can be poured from one vessel into another and used 
for any investigations. Thus 'in June 1804, Prof. Dewar 
showed that at the low temperature produced by liquid 
oxygen many substances become phosphorescent (become 
■elf-luminous; for instance, oxygen on passing into a 
vacuum) and fluoresce (emit light after being illuminated ; 
for instance, paraffin, glue, &c.) much more powerfully than 
at the ordinary temperature ; also that solids then greatly alter in their mechanical pro- 
perties, <fcc. I had the opportunity (1894) at Prof. Dewar's of seeing many such experi- 
ments in which open vessels containing pounds of liquid oxygen were employed, and in 
following the progress rqade in researches conducted at low temperatures, it is my firm 
impression that the study of many phenomena at low temperatures should widen the 
horizon of natural science as much as the investigation of phenomena made at the 
highest temperatures attained in the voltaic arc 

39 The investigations of 8. Wroblewski in Cracow give reason to believe that Pictet 
could not have obtained liquid hydrogen in the interior of his apparatus, and that if he 
did obtain it, it could only have been at the moment of its outrush due to the fall in 
temperature following its sudden expansion. Pictet calculated that he obtained a tern* 
perature of -140°, but in reality it hardly fell below -120°, judging from the latest 
date, for the vaporisation of carbonic anhydride under low pressure. The difference 
lies in the method of determining low temperatures. Judging from other properties of 
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these means the gases of the atmosphere may be kept in a liquid state 

for a long time. This is due to the fact that the absolute boiling point 

of hydrogen lies lower than that of all other known gases, which also 

depends on the extreme lightness of hydrogen. 34 

hydrogen (see Note 84), one would think that its absolute boiling point lies far below 
- 120°, and even —140° (according to the calculation of Sorrau, on the basis of its com- 
pressibility, at —174°). But even at —200° (if the methods of determining such low 
temperatures be correct) hydrogen does not give a liquid even under a pressure of several 
hundred atmospheres. However, on expansion a fog is formed and a liquid state attained, 
but the liquid does not separate. 

M After the idea of the absolute temperature of ebullition, (tc, Note 29) had been 
worked out (about 1870), and its connection with the deviations from Mariotte's law 
had become evident, and especially after the liquefaction of permanent gases, general 
attention was turned to the development of the fundamental conceptions of the gaseous 
and liquid states of matter. Some investigators directed their energies to the further 
study of vapours (for instance, Ramsay and Young), gases (Amagat), and liquids 
(Zaencheffaky, Nadeschdin, and others), especially to liquids near t c and pc ; others 
(Konovaloff and De Heen) endeavoured to discover the relation between liquids under 
ordinary conditions (removed from tc and pe) and gases, whilst a third class of investi- 
gators (van der Waol», Clausius, and others), starting from the generally- accepted 
principles of the mechanical theory of heat and the kinetic theory of gases, and assuming 
in gases tho existence of those forces which certainly act in liquids, deduced, the 
connection between tho properties of one and the other. It would be out of place in 
an elementary handbook like the present to enunciate the whole mass of conclusions 
arrived at by this method, but it is well to give an idea of the results of van der 
Waal a' considerations, for they explain the gradual uninterrupted passage from a liquid 
into a gaseous state in the simplest manner, and, although the deduction cannot be 
considered as complete and decisive {see Note 25), nevertheless it penetrates so deeply 
into the essence of the matter that its signification is not only reflected in a great number 
of physical investigations, but also in the province of chemistry', where instances of the 
passage of substances from a gaseous to a liquid state are so common, and where the 
very processes of dissociation, decomposition, and combination must bo identified with a 
change of physical state of the participating substances, which has been elaborated by 
Gibbs, Lavenig, and others. 

For a given quantity (weight, mass) of a definite substance, its state is expressed 
by throe variables — volume v, pressure (elasticity, tension) p f and temperature t. 
Although the compressibility— [i.e., d{y) >t(j>)}-~ of liquids is small, still it is clearly ex- 
pressed, and varies not only with the nature of liquids but also with their pressure and 
tenii>crature (at tc the compressibility of liquids is very considerable). Althougn gases, 
according to Mariotte's law, with small variations of pressure, arc uniformly compressed, 
nevertheless the dependence of their volume v on t o^^m^m ^^^B This also 

applies to the coefficient of expansion [ » d(v\JJMk ^^Hhraries with 

t and }>, both for gases (see Note 26k^tf ^^^j* . .. 

often exceeds that of gases, ^a ^^^fcttst ic. 

three variables, v» p, an J^V ^^^Rlble 

variations density, th< __^^^^^f ^ttsts^S^stW ^^t ,:<i 

be accepted, whore 

expressing this d< ^fl ^^^^f ^s^s9^ an ^ 

Mariotto, for a i M^k ,^fl ^^E^ wnon 

constanij^^^H ^^^^^^fl ^^^^inay b* 

expressed lltf^H 




whfr. ^^^^^ ^^s^^^s^s^ , er^Hry temperature 

+ 278^^^ 



Google 



1 




THE COMPOSITION OP WATEB, HYDROGEN 141 

Although a substance which passes with great difficulty into a 
liquid state by the action of physico- mechanical forces, hydrogen loses 

Starting from the supposition of the existence of an attraction or internal pressure) 
(expressed by a) proportional to the square of the density (or inversely proportional to 
the square of the volume), and of the existence of a real volume or diminished length 
of path (expressed by b) for each gaseous molecule, van der Waals gives for gases the 
following more complex equation of condition :— 

(» + £)(t;-6) = 1 + 000867*; 

If at 0° under a pressure © = 1 (for example, under the atmospheric pressure), the volume 
(for instance, a litre) of a gas or vapour be taken as 1, and therefore v and 6 be expressed 
by the same units as p and a. The deviations from both the laws of Mariotte and Gay- 
Emaaac are expressed by the above equation. Thus, for hydrogen a must be taken as 
infinitely small, and 6=0*0009, judging by the data for 1,000 and 8,600 metres pressure 
(Note 98). For other permanent gases, for which (Note 28) I showed (about 1870) from 
Regnault's and Natterer's data, a decrement of pv, followed by an increment, which was 
confirmed (about 1880) by fresh determinations made by Amagat, this phenomena may 
be expressed in definite magnitudes of a and 6 (although van der Waals' formula is not 
applicable in the case of very small pressures) with sufficient accuracy for contemporary 
requirements. It is evident that van der Waals' formula can also express the difference 
of the coefficients of expansion of gases with a change of pressure, and according to the 
methods of determination (Note 86). Besides this, van der Waals' formula shows that 

at temperatures above 878 (~t — l\ only one actual volume (gaseous) is possible, 

whilst at lower temperatures, by varying the pressure, three different volumes— liquid 
gaseous, and partly liquid, partly saturated-vaporous— are possible. It is evident that 

the above temperature is the absolute boiling point— that is (fc)-878 (--*■ — lY It is 

found under the condition that all tlireo possible volumes (the three roots of van der 
Waals' cubic equation) are then similar and equal (t>e = 86). The pressure in this case 
( jac) = — . ? . These ratios between the constants a and 6 and the conditions of critical 

$tate—t.e. (tc) and (»c)— give the possibility of determining the one magnitude from the 
other. Thus for ether (Note 20), (<c) = l!)3\ (tp) = 40, hence a =00807, 6 = 000583, and 
(vc) = 0*010. That mass of ether which at a pressure of one atmosphere at 0° occupies 
one volume — for instance, a litre — occupies, according to the above-mentioned condition, 
this critical volume. And as the density of the vapour of ether compared with hydrogen 
= 87, and a litre of hydrogen at 0° and under the atmospheric pressure weighs 00890 
gram, then a litre of ether vapour weighs S32 grams; therefore, in a critical state (at 
198° and 40 atmospheres) 8 32 grams occupy 0016 litre, or 16 ex. ; therefore 1 gram 
occupies a volume of about 5 c.c, and the weight of 1 c.c. of ether will then be 0*81. 
According to the investigations of Ramsay and Young (1887), the critical volume of ether 
approximately such at about the absolute boiling point, but the compressibility of 
is so great that the slightest change of pressure or temperature has a consider- 
o i the volume- But the investigations of the above savants gave another 
istration of the truth of van der Waals' equation. They also found for 
■sochorda, or the lines of equal volumes (if both t and p vary), are generally 
Thus the volume of 10 cc. for 1 gram of ether corresponds with pressures 
rtres of mercury) equal to 135/— 8*8 (for example, at 180° the pressure ■ 
at 280° it = 84 5 metres). The ctilinear form of the isochord (when v «a 
ity) is a direct result of van der Waals' formula, 

1868, I demonstrated that the -ecific gravity of liquids decreases in pro- 
j rise of temperature [S, = S.-K£ or 8,-8, <l-K*)],or thai the volume* 
verse proportion to the binomial 1 - K/, that ls» V,- V„ (i - K/j->, where K 
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its gaseous state (that is, its elasticity, or the physical energy of its 
molecules, or their rapid progressive motion) with comparative ease 
under the influence of chemical attraction, 83 which is not only shown 
from the fact that hydrogen and oxygen (two permanent gases) form 
liquid water, but also from many phenomena of the absorption of 
hydrogen. 

Hydrogen is vigorously condensed by certain solids ; for example, 
by charcoal and by spongy platinum. If a piece of freshly ignited 
charcoal be introduced into a cylinder full of hydrogen standing in a 
mercury bath, then the charcoal absorbs as much as twice its volume 
of hydrogen. Spongy platinum condenses still more hydrogen. But 
palladium, a grey metal which occurs with platinum, absorbs more 
hydrogen than any other metal. Graham showed that when heated to 
a red heat and cooled in an atmosphere of hydrogen, palladium retains 
as much as 600 volumes of hydrogen. When once absorbed it retains* 

is the modulus of expansion, winch vanes with the nature of the liquid, then, in general, 
not only does a connection arise between gases and liquids with respect to a change of 
volume, but also it would appear possible, by applying van der Waals' formula, to judge, 
from the phenomena of the expansion of liquids, as to their transition into vapour, and 
to connect together all the principal properties of liquids, which up to this time had 
not been considered to be in direct dependence. Thus Thorpe and R ticker found that 
2(cc) + 273»l/K, where K is the modulus of expansion in the above-mentioned formula. 
For example, the expansion of ether is expressed with sufficient accuracy from 0° to 100° 
by tho equation 3,-0-736 (1-0001541), or V, = l (1-0-0015*0, *here 00015* is the 
modulus of expansion, and therefore (£c) = 188°, or by direct observation 193°. For 
silicon tetrachloride, SiCL, the modulus equals 000136, from whence (rc) = fi31 3 , and 
by experiment 280°. On the other hand, D. P. Konovaloff, admitting that the external 
pressure p in liquids is insignificant when compared with the internal (a in van der 
Waals' formula), and that tho work in the expansion of liquids is proportional to their 
temperature (a* in gases), directly deduced, from van der Waals* formula, the above- 
mentioned formula for the expansion of liquids, V t =lf (1-Kf), and also the magnitude ' 
of the latent heat of evaporation, cohesion, and compressibility nnder pressure. In this* 
Way van der Waals' formula embraces the gaseous, critical, and liquid states of sub- 
stances, and shows the connection between them. On this account, although van der 
Waals' formula cannot'be considered as perfectly general and accurate, yet it is not only 
vtry much more exact than pv = BT % but it is also more comprehensive, because it 
•ppUos both to gases and liquids. Furtncr research will naturally give a closer proximity 
to truth, and will show the connection between composition and the constants (a and b) \ 
but a groat soientiuo progress is seen in this form of the equation of state. 

into consideration the variability of <r, in van der Waala* 
, gave the following equation of condition :— 




c?) <-»* 



RT. 



nnula to Amagat'e data for hydrogen, and found a = 00551, 

• fore calculated its absolute boiling point as — 174°, and' 

t as similar calculations for oxygen ( — 105°), nitrogen (- 13*°),' 

tc higher than it really is, the absolute boiling point of hydro- 

kber of similar oases clearly show how great are the internal 
vsical and mechanical forces. 
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tine hydrogen at the ordinary temperature, and only parts with it when 
heated to a red heat.** This capacity of certain dense metals for the 
absorption of hydrogen explains the property of hydrogen of passing 
through metallic tubes. 17 It is termed ocdunon, and presents a 
similar phenomenon to solution ; it is based on the capacity of metals 
of forming unstable easily dissociating compounds 48 with hydrogen, 
similar to those which salts form with water. 

At the ordinary temperature hydrogen very feebly and rarely enters 

*• Tbe property of palladium of absorbing hydrogen, and of increasing in volume in 
to doing, may joe easily demonstrated by taking a sheet oi palladium varnished on one 
side, and using if as a cathode. The hydrogen which is evolved by the action of the 
current is retained by the unvarnished surface, as a consequence of which the sheet curls 
up. By attaching a pointer (for instance, a qufll) to the end of the sheet this bending 
effect is rendered strikingly evident, and on reversing the current (when oxygen will be 
evolved and combine with the absorbed hydrogen, forming water) it may be shown that 
on losing the hydrogen the palladium regains its original form. 

w Deville discovered that iron and platinum become pervious to hydrogen at a red 
beat He sneaks of this in the following terms ;— ' The permeability oi mch homogeneous 
substances as platinum and iron is quite different from the passage of gases through 
such non-compact substances as clay and graphite. The permeability of metals depends 
on their expansion, brought about by heat, and proves that metals and alloys have a 
certain porosity.' However, Graham proved that it is only hydrogen whioh is capable of 
passing through the above-named metals in this manner. Oxygen, nitrogen, ammonia, 
and many other gases, only pass through in extremely minute quantities. Graham 
showed that at a red heat about 500 ex. of hydrogen pass per minute through a surface 
of one square metre of platinum 1*1 mm. thick, but that with other gases the amount 
transmitted is hardly perceptible. Indiarubber has the same capacity for allowing the 
transference of hydrogen through its substance (see Chapter IIL), but at the ordinary 
temperature one square metre, 0*014 mm. thick, transmits only 127 c.c. of hydrogen per 
minute. In the experiment on the decomposition of water by heat in porous tubes, the 
clay tube may be exchanged for a platinum one with advantage. Graham showed that 
by placing a platinum tube containing hydrogen under these conditions, and surrounding 
it by a tube containing air, the transference of the hydrogen may be observed by the 
decrease of pressure in the platinum tube. In one hour almost all the hydrogen (97 px.) 
had passed from the tube, without being replaced by air. It is evident that the occlusion 
and passage of hydrogen through metals capable of occluding it are not only intimately 
connected together, but are dependent on the capacity of metals to form compounds oi 
various degrees of stability with hydrogen— like salts with water. 

M It appeared on further investigation that palladium gives a definite compound, 
P64H (tee further) with hydrogen ; but what was most instructive was the investigation 
of sodium hydride, Na^H, which clearly showed that the origin and properties of such 
compounds are in entire accordance with the conceptions of disso ci ation. 

Since hydrogen is a gas which is difficult to condense, H is little soluble in water and 
other liquids. At 0° a hundred volumes of water dissolve 1*9 volume of hydrogen, and 
alcohol 0-9 volumes measured at 0° and 760 mm. Molten iron absorbs hydrogen, bat in 
solidifying, it expels it. The solution of hydrogen by metals is to a certain degree 
based on its affinity for metals, and must be likened to the solution oi metals in mercury 
and to the formation of alloys. In its chemical properties hydrogen, as we shall see 
later, has much of a metallic character. Pictet (ess Note 81) even affirms that liquid 
hydrogen has metallic properties. The metallic properties of hydrogen are also evinced 
fa the fact that it is a good conductor oi heat, which is not the case with other gases 
(Magnus). 
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Into chemical reaction. The capacity of gaseous hydrogen for reaction 
becomes evident only under a change of circumstances— by compression, 
heating, or the action of light, or at the moment of its evolution. 
However, under these circumstances it combines directly with only a 
very few of the elements. Hydrogen combines directly with oxygen, 
sulphur, carbon, potassjum, and certain other elements, but it does 
not combine directly with either the majority of the metals or with 
nitrogen, phosphorus, &C Compounds of hydrogen with certain 
elements on which it does not act directly are, however, known ; they 
are not obtained by a direct method, but by reactions of decomposi- 
tion, or of double decomposition, of other hydrogen compounds. The 
property of hydrogen of combining with oxygen at a red heat deter- 
mines its combustibility. We have already seen that hydrogen easily 
takes fire, and that it then burns with a pale— that is, non-luminous— 
flame. 89 Hydrogen does not combine with the oxygen of the atmo- 
sphere at the ordinary temperature ; but this combination takes place 
at a red heat, 40 and is accompanied by the evolution of much heat. 
The product of this combination is water—that is, a compound of 
oxygen and hydrogen. This is the syntJiesis of water, and we have 
already noticed its analysis or decomposition into its component parte. 
The synthesis of water may be very easUy observed if a cold glass bell 
jar be placed over a burning hydrogen flame, and, better still, if the 
hydrogen flame be lighted in the tube of a condenser. The water will 
condense in drops as it is formed on the walls of the condenser and 
trickle down. 41 



59 If it be desired to obtain a perfectly colourless hydrogen flame, it must issue from 
» platinum nozzle, as the glass end of a gas-conducting tube imparts a yellow tint to the* 
flame, owing to the presence of, sodium in the glass. 

«° Let us imagine that a stream of hydrogen passes along a tube, and let us mentally 
divide this stream into several parts, consecutively passing out from the orifice of the 
tube. The first part is lighted— that is, brought to a state of incandescence, in which 
state it combines with the oxygen of the atmosphere. A considerable amount of heat is 
evolved in the combination. The heat evolved then, so to say, ignites the second part of 
hydrogen coming from the tube, and, therefore, when once ignited, the hydrogen con- 
tinue* to burn, if therebeaeojjUnual supply of it, and if the atmosphere in which it 
burns bo unUmite<^^^^^j^£3yger 

f be Bhown by the direct decomposition 6i water 

own into a vessel containing water, it floats on 

7 be lighted. The presence of sodium imparts 

i taken, the hydrogen bursts into flame spon- 

I tn the reaction to ignite the hydrogen. ' The 

1/ sodium be thrown not on to water, but on 

i* hydrogen will then also burst into flame. 

>n with caution, as, sometimes towards the end, a 

luced, and flies about ; it is therefore best to cover 

arried on. 
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Light does not aid the combination of hydrogen and oxygen, so 
that a mixture of these two gases does not change when exposed to the 
Action of light ; but an electric spark acts just like a flame, and this is 
taken advantage of for inflaming a mixture of oxygen and hydrogen, or 
detonating gas, inside a vessel, as will be explained in the following 
chapters. As hydrogen (and oxygen also) is condensed by spongy 
platinum, by which a rise of temperature ensues, and as platinum acts 
by contact (Introduction), therefore hydrogen also combines with 
t>xygen, under the influence of platinum, as DObereiner showed. If 
spongy platinum be thrown into a mixture of hydrogen and oxygen, 
an explosion takes place. If a mixture of the gases be passed over 
spongy platinum, combination also ensues, and the platinum becomes 
red-hot." 

Although gaseous hydrogen does not act directly 49 on many sub- 
stances, yet in a nascent state reaction often takes place. Thus, for 
instance, water on which sodium amalgam is acting contains hydrogen 
in a nascent state. The hydrogen is here evolved from a liquid, 
and at the first moment of its formation must be in a condensed 

49 This property of spongy platinum it made use of in the so*oalled hydrogen oigar* 
lighter. It consist* of a. glass cylinder or beaker, inside which there is a small lead stand 
(which is not aeted on by sulphuric acid), on which a piece of tine is laid. This tino Is 
covered by a bell, which it open at the bottom and furnished with a oook at the top* 
BoJphurio acid it poured into the space between the bell and the sides of the outer glass 
•cylinder, and will thus compress the gas in the belL If the cock of v the cylinder be 
opened the gas will escape by it, and will be replaced by the acid, which, coming into 
contact with the sine, evolves hydrogen, and it will escape through the oook. If the 
cock be closed, then the hydrogen evolved will increase the pressure of the gas in the* 
bell, and thus again force the acid into the space between the bell and the walls of the 
outer cylinder. Thus the action of the acid on the tine may be stopped or started at 
will by opening or shutting the cock, and consequently a stream of hydrogen may be 
always turned on. Now, if a piece of spongy platinum be placed in this stream, the 
hydrogen will take light, because the spongy platinum becomes hot in condensing the 
hydrogen and inflames it The considerable rise in temperature of the platinum depends, 
among other things, on the fact that the hydrogen condensed in its pores oomee into 
contact with previously absorbed and condensed atmospheric oxygen, with which hydro- 
gen combines with great facility in this form. In this manner the hydrogen cigar-lighter 
gives a stream of burning hydrogen when the cock is open. In order that it should work 
regularly it is necessary that the spongy platinum should be quite clean, and it i» best 
enveloped in a thin sheet of platinum foil, which protects it from dust. In any case, 
after some time it will be necessary to clean the platinum, which may be easily done by 
boiling it in nitric acid, which does not dissolve the platinum, but clears it of all dirt. 
This imperfection has given rise to several other forms, in which an electric spark is 
made to pass before the orifice from which the hydrogen escapes. This is arranged in 
such a manner that the sine of a galvanic element is immersed when the cock is turned, 
or a small coil giving a •park is put into circuit on turning the hydrogen on. 

*» Under conditions similar to those in which hydrogen combines with oxygen it if, 
also capable of combining with chlorine* A mixture of hydrogen and chlorine explodes 
on the passage of an electric spark through it, or on contsct with an incandescent sub* 
•tance, and also in the pr ese n ce of spongy platinum ; but, besides this, the action of light 
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state. 44 In this condition it is capable of reacting on substances on 
which it does not act in a gaseous state. 44 bU Reactions of substitution 
or displacement of metals by hydrogen at the moment of its formation 
are particularly numerous. 46 

Metals, as we shall afterwards see, are in many cases able to replace 
each other ; they also, and in some cases still more easily, replace and 
are replaced by hydrogen. We have already seen examples of this. in 
the formation of hydrogen from water, sulphuric acid, Ac. In all these 

alone is enough to bring about the combination of hydrogen and chlorine. If a mixture 
of equal volumes of hydrogen and chlorine be exposed to the action of sunlight, com* 
plete combination rapidly ensues, accompanied by a report. Hydrogen does not combine 
directly with carbon, either at the ordinary temperature or by the action of heat and 
pressure. But if an electric current be passed through carbon electrodes at a short 
distance from each other (as in the electric light or voltaic arc), so as to form an electric 
arc in which the particles of carbon are carried from one pole to the other, then, in the 
intense heat to which the carbon is subjected in this case, it is capable of combining 
with hydrogen. A gas of peculiar smell called acetylene, C a H 3l is thus formed from 
carbon and hydrogen. 

44 There is another explanation of the facility with which hydrogen reacts in a nascent* 
state. We shall afterwards learn that the molecule of hydrogen contains two atoms, H* 
but there are elements the molecules of which only contain one atom — for instance, 
mercury. Therefore, every reaction of gaseous hydrogen mast be accompanied by the 
disruption of that bond which exists between the atoms forming a molecule. At the 
moment of evolution, however, it is supposed that free atoms exist, and in this condition, 
according to the hs-pothesia, act energetically. This hypothesis is not based upon facts, 
and the idea that hydrogen is condensed at the moment of its evolution is more natural, 
and is in accordance with the fact (Note 12) that compressed hydrogen displaces palladium 
and silver (Brunner, BeketofT)— that is, acts as at the moment of its liberation. 

** *«• Thero is a very intimate and evident relation between the phenomena which 
take place in the action of spongy platinum and the phenomena of the action in a nascent 
state. The combination of hydrogen with aldehyde may be taken as an example. Aide- 
hyde is a volatile liquid with an aromatic smell, boiling at 21°, soluble in water, and 
absorbing oxygen from the atmosphere, and in this absorption forming acetic acid— the 
substance which is found in ordinary vinegar. If sodium amalgam be thrown into an 
aqueous solution of aldehyde, the greater part of the hydrogen evolved combines with 
the aldehyde, forming alcohol— a substance also soluble in water, which forms 
the principle of all spirituous liquors, boils at 78°, and Contains the same amount of 
oxygon and carbon as aldehyde, but more hydrogen. The composition of aldehyde is 
C,H 4 0, that of alcohol C 2 H<jO. 

«* When, for instance, an acid and sine are added to a salt of silver, the silver is 
rodueo d ; tmt this ma y be explained as a reaction of the sine, and not of the hydrogen at 
There are, however, examples to which this explanation 
, for instance, hydrogert, at the moment of its liberation 
its compounds with nitrogen if they be in solution, and 
,vn-oom pound. Here the nitrogen and hydrogen, 
heir liberation, and in this state combine together, 
the elastic gaseous state of hydrogen fixes the limit of its 
rag into those combinations of which it is capable. In the 
which is not in a gaseous state, and its action is then 
he moment of evolution that heat, which would be latent in 
I »xanamitted to its molecules, and consequently they ore in a* 
i act on many substances. 
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i the metals sodium, iron, or zinc displace the hydrogen which occurs 
. in these compounds. Hydrogen may be displaced from many of its 
compounds by metals in exactly the same manner as it is displaced 
from water ; so, for example, hydrochloric acid, which is formed 
directly by the combination of hydrogen with chlorine, gives hydrogen 
by the action of a great many metals, just as sulphuric acid does. 
Potassium and sodium also displace hydrogen from its compounds with 
nitrogen , it is only from its compounds with carbon that hydrogen is 
not displaced by metals. Hydrogen, in its turn, is able to replace 
metals ; this is accomplished most easily on heating, and with those 
metals which do not themselves displace hydrogen. If hydrogen be 
passed over the compounds of many metals with oxygen at a red heat, 
it takes up the oxygen from the metals and displaces them just 
as it is itself displaced by metals. If hydrogen be passed over the 
compound of oxygen with copper at a red heat, then metallic copper 
and water are obtained — CuO + H 9 =H 8 + Cu. This kind of double 
decomposition is called reduction with respect to the metal, which is 
thus reduced to a metallic state from its combination with oxygen. 
But it must be recollected that all metals do not displace hydrogen 
from its compound with oxygen, and, conversely, hydrogen is not able 
to displace all metals from their compounds with oxygen ; thus it does 
not displace potassium, calcium, or aluminium from its compounds 
with oxygen. If the metals be arranged in the following series : 
K, Na, Ca, Al . . . . Fe, Zn, Hg . . . . Cu, Pb, Ag, Au, then the 
first are able to take up oxygen from water — that is, displace hydrogen 
— whilst the last do not act thus, but are, on the contrary, reduced 
by hydrogen — that is, have, as is said, a less affinity for oxygen than 
hydrogen, whilst potassium, sodium, and calcium have more. This is 
also expressed by the amount of heat evolved in the act of combination 
with oxygen (see Note 7), and is shown by the fact that potassium and 
sodium and other similar metals evolve heat in decomposing water ; but 
copper, silver, and the like do not do this, because in combining with 
oxygen they evolve less heat than hydrogen does, and therefore it hap- 
pens that when hydrogen reduces these metals heat is evolved. Thus, 
for example, if 16 grams of oxygen combine with copper, 38,000 units 
of heat are evolved ; and when 16 grams of oxygen combine with 
hydrogen, forming water, 69,000 units of heat are evolved ; whilst 23 
grams of sodium, in combining with 16 grams of oxygen, evolve 100,000 
units of heat. This example clearly shows that chemical reactions 
which proceed directly and unaided evolve heat Sodium decomposes 
water and hydrogen reduces copper, because they are exotliermal 
reactions, or those which evolve heat ; copper does not decompose water, 
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beoaose such a reaction would be accompanied by an absorption (or 
secretion) o! heat, or belongs to the class of endothermal reactions in 
which heat is absorbed ; and such* reactions do not generally proceed 
directly, although they may take place with the aid of energy (electri- 
cal, thermal, Ac.) borrowed from some foreign source. 46 

The reduction of metals by hydrogen is taken advantage of for 
determining the exact composition of water by weight* Copper oxide is 
usually chosen for this, purpose. It is heated to redness in hydrogen, 
and the quantity of water thus formed is determined, when the quantity 
of oxygen which occurs in it is found from the loss of weight of the 
copper oxide. The copper oxide must be weighed immediately before 
and after the experiment. The difference shows the weight of the 
oxygen which entered into the composition oi the water Connect In 
this manner only solids have to be weighed, wtdoh is a very great gain 
in the accuracy of the results obtained. 47 Dolong and Benefits (1819) 
were the first to determine the composition of water by this method, 
and they found that water contains 88-91 of oxygen and 11-09 of 
hydrogen in 100 parts by weight, or 8*008 parts of oxygen per one part 
of hydrogen. Dumas (1842) improved on this method, 48 and found that 

•40 Several numerical date arid reflections bearing on this matter are enumerated in 
Votes 7, 9, and 11. It must be observed tyat the action of iron or sine on water is revs** 
•fble. But the reaction CuO+B4»Cu*S*0 is not reversible; the difference between 
the degrees of affinity is very great in this case, -and, therefore, so far as is at present 
known, no hydrogen is liberated even in the presence of a large excess of water. It is 
to be further remarked, that under the conditions of the dissociation of water, oopper is 
not oxidised by wetes\ beoaose the oxide of oopper is reduced by free hydrogen. If a- 
dsfinite amount of a metal and add be taken and their reaction be carried on in a closed 
■Pace, then the evolution of hy dr og en will cease, when its tension equals that at which 
compressed hydrogen displaces the metal The result depends upon the nature of the 
metal and the strength of the solution of acid. Tammann and Kerns* (38M) found that 
the metals stand in the following order in respect to this limiting tension of hydrogen :— 
Ka,Mg l Zn,Al,Cd,Fe,NL 

' v This determination may be carried on in an apparatus like that mentioned in 
Note IS of GhepterX 

• We wfl] proceed to describe Dumas' method and results. For this determination 
I pure and diy-oopper oxide is necessary. Dumas took a sufficient quantity of copper 
oxide for the formation of SO grams of water in each determination. As the oxide of 
oopper was weighed before and after the experiment, and as the amount of oxygen con- 
tained in water was determined by the difference between these weights, it was essential 
that no other substanoe besides the oxygen forming the water should be evolved from 
the oxide of Conner during its Ignition in hydrogen. It was necessary, also, that the 
hydrogen should be perfectly pure, and free not only from traces of moisture, but from 
any other impurities which might dissolve in the water or combine with the copper and 
form some. other compound with it. The bulb containing the oxide of copper (fig. •»), 
wtych was heated to redness, should be quite free from air, as otherwise the oxygen la 
the air might, in com b in i ng with the hydrogen passing through the vessel, form water 
in addition to that formed by the oxygen of the oxide of copper. The water formed 
should be entirely absorbed in order to accurately determine its quantity. The 
fcydiogenwes evolved in the thr**oecked bottle, The sulphuric acid, f or acting bo fee 
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water contains 1 2*575 parts of hydrogen per 100 parts of oxygen— that is, 
7*990 parts of oxygen per 1 part pi hydrogen— and therefore it is usually 

sine, it poured through funnels ' ) 

Into the middle neck. The hydro* 

gen evolved in the 'Woulf e's bottle 

passes through U tube*, in which 

it is purified, to the bulb, where 

it comes into contact with the 

copper oxide, forms water, and 

.reduces the oxide to metalliq 

.«epper; the water formed is coa» 

densed in the second Dulbfand 

any passing off is absorbed in the 

second set of tabes. This 1% 

the general arrangement of the 

Apparatus. The bulb with the 

copper oxide is weighed before 

and after the experiment, foe 

loss in weight ajiows the quantity' 

of oxygen which entered into the 

composition of the water formed^ 

the weight of the latter beita 

shown by the gain in weight ol 

die absorbing apparatus. Know* 

ing the amount of oxygen in the 

water formed, we also know the 

quantity of hydrogen contained 

in it, and consequently we deter* 

mine the composition of water by 

weight. This is the essence o! 

the determination. We will now 

turn to certain particulars. In 

one neck of the three«necked 

bottle a tube is placed dipping 

under mercury. This selves as a 

safety. valve to prevent the presv 

sure inside the apparatus be> 

coming too great from the rapid 

evolution of hydrogen. If the 

pressure rose to any consider* 

able extent, the current of gases 

and vapours would be very rapid* 

and, as a consequence,' the hy- 
drogen would not be perfectly 

purified, or- the water entirely 

absorbed in the tubes placed for 

ibia purpose. Jn the third neck 

of the JVoulfe's bottle is a tube 

conducting the hydrogen to the 

purifying apparatus, consisting 

of eight U tubes, destined for 

the purification and testing of 

the hydrogen. The hydrogen, evolved by sine and sulphuric acid, is purified by 

passing it first through a tube full of pieces of glass moistened with a solution of 

lead nitrate next through .silver sulphate; the lead nitrate retains sulphuretted 
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aooepted that water contains eight parte by weight of oxygen to one part 
by weight of hydrogen. By whatever method water be obtained, it wfll 

hydrogen, and arseniuretted hydrogen is retained by the tube with silver sulphate. 
Caustic potash in the next U tube retains any acid which might come over. The 
two following tubes are filled with lumps of dry caustic potash in order to absorb 
any carbonic anhydride and moisture which the hydrogen might contain. The next two 
tubes, to remove the last traces of moisture, are filled with phosphoric anhydride, mixed 
with lumps of pumice-stone. They are immersed in a freeting mixture. The smsQ 
U tube contains hygroscopic substances, and is weighed before the experiment : this is 
in order to know whether the hydrogen passing through still retains any moisture. If it 
does not, then the weight of this tube will not vary during the whole experiment, but 
if the hydrogen evolved still retains moisture, the tube will increase in weight. The 
copper oxide is placed in the bulb, which, previous to the experiment, is dried with the 
copper oxide for a long period of time. The air is then exhausted from it, in order to 
weigh the oxide of copper in a vacuum and to avoid the need of a correction for weigh* 
ing in air. The bulb is made of infusible glass, that it may be able to withstand a 
lengthy (20 hours) exposure to a red heat without changing in form. The weighed bulb 
is only connected with the purifying apparatus after the hydrogen has passed through 
for a long time, and after experiment has shown that the hydrogen passing from the 
purifying apparatus is pure and does not contain any air. On passing from the con- 
densing bulb the gas and vapour enter into an apparatus for absorbing the last traces of 
moisture. The first U tube contains pieces of ignited potash, the second and third tubes 
phosphoric anhydride or pumice-stone moistened with sulphuric acid. The last of the 
two is employed for determining whether all the moisture is absorbed, and is therefore 
weighed separately. The final tube only serves as a safety-tube for the whole apparatus, 
in order that the external moisture should not penetrate into it The glass cylinder 
contains sulphuric acid, through which the excess of hydrogen passes; it enables the 
rate at which the hydrogen is evolved to be judged, and whether its amount should be 
decreased or increased. 

When the apparatus is fitted up it must be seen that all its parts are hermetically 
tight before commencing the experiment. When the previously weighed parts are con- 
nected together and the whole apparatus put into communication, then the bulb contain* 
ing the copper oxide is heated with a spirit lamp (reduction does not take place without 
the aid of heat), and the reduction of the copper oxide then takes place, and water is 
formed. When nearly all the copper oxide is reduced the lamp is removed and the 
apparatus allowed to cool, the current of hydrogen being kept up all the time. When 
cool, the drawn-out end of the bulb is fused up, and the hydrogen r emaining in it is 
bausted, in order that the copper may be again weighed in a vacuum. The absorbing 
apparatus remain b full of hydrogen, and would therefore present a less weight than if it 
re full of air, as it was before the experiment, and for this reason, having disconnected 
i copper oxide bulb, a current of dry air is passed through it until the gas passing from 
ider is quite free from hynrogen. The condensing bulb and the two tubes 
i weighed, in order to determine the quantity of water formed. Duma* 
ii-IT experiment many tunc*. The average result was that water contains 
drogen per 10,000 parts of oxygen. Making a correction for the amount 
3 sulphuric add employed for producing the hydrogen, Dumae 
*e figure 1251-5, between the extremes 1247*2 and 1266*2. Thia 
contains 7*9904 parts of oxygen, with a possible 
f foi, or 003, in the amount of oxygen per 1 part of hydrogen. 

eight determinations, found that per 10,000 parte of 

iverage of 1,252 parts of hydrogen, with a difference of from 

ce per 1 part of hydrogen there would be 7*9962 of oxygen, with an 

rica by employing palladium hydride, and by introducing 
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always present the same composition. Whether it be taken from nature 
and purified, or whether it be obtained from hydrogen by oxidation, or 
whether it be separated from any of its compounds, or obtained by some 
double decomposition — it will in every case contain one part by. weight 
of hydrogen and eight parts of oxygen. This is because water is a definite 
chemical compound. Detonating gas, from which it may be formed, is 
a simple mixture of oxygen and hydrogen, although a mixture of the 
same composition as water. All the properties of both constituent 
gases are preserved in detonating gas. Either one or the other gas 
may be added to it without destroying its homogeneity. The funda- 
mental properties of oxygen and hydrogen are not found in water, and 
neither of the gases can be directly combined with it But they may be 
evolved from it. In the formation of water there is an evolution of heat ; 
for the decomposition of water heat is required. All this is expressed 
by the words, Water is a definite chemical compound qf hydrogen with 
oxygen. Taking the symbol of hydrogen, H, as expressing a unit quan- 
tity by weight of this substance, and expressing 16 parts by weight 
of oxygen by 0, we can formulate all the above statements by the 
chemical symbol of water, H*0. As only definite chemical compounds 
•are denoted by formulae, having denoted the formula of a compound 
substance we express by it the entire series of properties whioh 
go to make up our conception of a definite compound, and at the 
same time the quantitative composition of the substance by weight. 
Further, as we shall afterwards see, formulae express the volume of 
the gases contained in a substance. Thus the formula of water shows 
that it contains two volumes of hydrogen and one volume of oxygen. 
Besides which, we shall learn that the formula expresses the density of 
the vapour of a compound, and on this many properties of substances 
depend, and, as we shall learn, determine the quantities of the bodies 
entering into reactions. This vapour density we shall find also deter* 
mines the quantity of a substance entering into a reaction. Thus the 
letters H t tell the chemist the entire history of the- substance. This 
is an international language, whioh endows chemistry with a simplicity, 
clearness, stability, and trustworthiness founded on the investigation 
of the laws of nature. 

variooa trMhprec>^optforobUlnli^Moqr>i6regolK^o^Pd thooo m poaitlon of water to 
06 16*96 parte of oxygen par S of hydrogen. 

Certain of the lateet .detenninattona of the composition of water, aa also those made 
by Dumae, always gWe leat than 8, and on the average 7*98, of oxygen per 1 part of 
hydrogen. However, not one of theae figuree la to be entirely depended oe, and far 
ordinary aoeuracxJt may be considered that 0*1S when H»i. 

•8 
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CHAPTER m 

OXYGEN AKD TflE CHIEF A8PBCT8 OF ITS SALINE COMBINATIONS 

On the earth's surface there is no other element which is so widely dis- 
tributed as oxygen in its various compounds. ' It makes up eight-ninths 
of the weight of water, which occupies the greater part of the earth's 
surface. Nearly all earthy substances and rocks consist of compounds 
of oxygen with metals and other elements. Thus, the greater part of 
sand is formed of silica, SiO„ which contains 53 p.c. of oxygen ; clay 
contains water, alumina (formed of aluminium and oxygen), and silica. 
It may be considered that earthy substances and rocks contain up to 
one-third of their weight of oxygen ; animal and vegetable substances 
are also very rich in oxygen. Without counting the water present in 
them, plants contain up to 40, and animals up to 20 p.c. by weight of 
oxygen. Thus, oxygen compounds predominate on the earth's surface. 
Besides this, a portion exists in a free state, and is contained in admix- 
ture with nitrogen in the atmosphere, forming about one- fourth of its 
mass, or one- fifth of its volume. 

Being so widely distributed in nature, oxygen plays a very im- 
portant part in it, for a number of the phenomena which take place 
before us are mainly dependent on it. Animals breaths air in order 
to obtain only oxygen from it, the oxygen entering into their respiratory 
organs (tho lungs of human beings and animals, the gills of fishes, and 
the trachae of insects) ; they, so to say, drink in air in order to absorb 
the oxygen. The oxygen of the air (or dissolved in water) passes 
through the membranes of the respiratory organs into the blood, is 
retained in it by the blood corpuscles, is transmitted by their means 
to all parts of the body, aids their transformations, bringing about 
chemical processes in them, and chiefly extracting carbon from them 
in the form of carbonic anhydride, the greater part of which passes 
into the blood, is dissolved by it, and is thrown off by the lungs during 

1 as regards the interior of the earth, it probably contains far lest oxygen com- 
pounds than the surface, judging by the aocnmnlated evidenoes of the earth's origin, of 
meteorites* of the earth's density, 6c. (•#« Chapter VIIL, Note 68, and Chapter "Tt, 
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the absorption of the oxygen. Thus, in the process of respiration 
carbonic anhydride (and water) is given off, and the oxygen of the air 
absorbed, by which means the blood is changed from a red venous 
to a dark-red arterial blood. The cessation of this process causes 
death, because then all those chemical processes, and the consequent 
heat and work which the oxygen introduced into the system brought 
about, cease. For this reason suffocation and death ensue in a vacuum, 
or in a gas which does not contain free oxygen, ue. which does not 
support combustion. If an animal be placed in an atmosphere of free 
oxygen, at first its movements are very active and a general invigoratioD 
is remarked, but a reaction soon sets in, and death may ensue* The 
oxygen of the air when it enters the lungs is diluted with four volumes 
of nitrogen, which is not absorbed into the system, so that the blood 
absorbs but a small quantity of oxygen from the air, whilst in an 
atmosphere of pure oxygen a large quantity of oxygen would be 
absorbed, and would produce a very rapid change of all parts of the 
organism, and destroy it. From what has been said, it will be under* 
stood that oxygen may be employed in respiration, at any rate for a 
limited time, when the respiratory organs suffer under certain forms of 
suffocation and impediment to breathing. 1 

The combustion of organic substances— that is, substances which 
make up the composition of plants and animals—proceed* in the same 
manner as the combustion of many inorganic substance*, such as 
sulphur, phosphorus, iron, «fcc., from the combination of these substances 
with oxygen, as was described in the Introduction. The decomposi- 
tion, rotting, and similar transformations of substances, which proceed 
■around -us, are also very often dependent on the action of the oxygen 
W the air, and also reduce it from a free to a combined state. The 

• H it evident that the partial p r es sure (see Chapter L) test in respiration. The 
retouches of Peal Bert showed this with pedicular clearness. Under e pressure of one* 
fifth of so atmosphere consisting of oxygen only, animals and human beings remain 
under the ordinary conditions of the partial pressure of oxygen, but organisms cannot 
support air rarefied to one-fifth, for then the partial p re ssure of the oxygen falls to one* 
twenty-fifth of an atmosphere. Even under a pressure of one-third of an atmosphere the 
regular life of human beings is impossible, by reason of the impossibility of respiration 
(because of the decrease of solubility of oxygen in the blood), owing to the small partial 
pressure of the oxygen, and not from any mechanical effect of the decrease of pressure. 
Paul Bert illustrated all this by many experiments, some of which he conducted on him- 
self. This explains, among other things, the discomfort felt in the ascent of high moun* 
tains or in balloons when the height reached exceeds eight kilometres, and at pressures 
below S50 mm. (Chapter IL, Note S8). It is erident that an artificial atmosphere hat 
to be employed in the asoent to great heights, just as in submarine work. The cure by 
com pr e sse d and rarefied air which is practised in certain illnesses is based partly on 
the mech an ic al action of the change of pressure, and pertly on the alteration an the partial 
> of the respired oxygen. 
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majority of the compounds of oxygen are, like water, very stable, and 
do not give up their oxygen under the ordinary conditions of nature. 
As these processes are taking place everywhere, it might be expected 
that the amount of free oxygen in the atmosphere should decrease, 
and this decrease should proceed somewhat rapidly. This is, in fact, 
observed where combustion or respiration proceeds in a closed space. 
Animals suffocate in a closed space because in consuming the oxygen 
the air remains unfit for respiration. In the same manner combustion, 
after a time, ceases in a closed space, which may be proved by a very 
simple experiment. An ignited substance — for instance, a piece of burn- 
ing sulphur — has only to be placed in a glass flask, which is then closed 
with a stout cork to prevent the access of the external air ; combus- 
tion will proceed for a certain time, so long as the flask contains any 
free oxygen, but it will cease when the oxygen of the enclosed air has 
combined with the sulphur. From what has been said, it is evident 
that regularity of combustion or respiration requires a constant renewal 
of air— that is, that the burning substance or respiring animal should 
have access to a fresh supply of oxygen. This is attained in dwellings 
by having many windows, outlets, and ventilators, and by the current 
of air produced by fires and stoves. As regards the air over the entire 
earth's surface its amount of oxygen hardly decreases, because in 
nature there is a process going on which renews the supply of free 
oxygen. Plants^ or rather their leaves, during daytime,* under the 
influence of light, absorb carbonic anhydride CO„ and evolve free axt/pe*. 
Thus the loss of oxygen which occurs in consequence of the respiration 
of animals and of combustion is made good by plants. If a leaf be 
placed in a bell jar containing water, and carbonic anhydride (because 
this gas is absorbed and oxygen evolved from it by plants) be passed 
into the bell, and the whole apparatus placed in sunlight, then 
oxygen will accumulate in the bell jar. This experiment was first 
made by Priestley at the end of the last century. Thus the life of plants 
on the earth not only serves for the formation of food for animals, but 
also for keeping up a constant percentage of oxygen in the atmosphere. 
In the long period of the life of the earth an equilibrium has been 
attained between the processes absorbing and evolving oxygen, by 
which a definite quantity of free oxygen is preserved in the entire mast 
of the atmosphere. 4 

* At night, withoot the action of light, without the eheorption of that energy which » 
required for the deoooapoftition of carbonic anhydride into trot uijgen and carbon (which 
i* retained by the plant*) they breathe like aauael*, absorbing oxygen and erolrieg 
carbonic anhydride. Hu* prooae* aleo goea on aide by aide with the i 
the daytime, bat it i* then tar feebler than that which give* < 

• The earth's serteo* i* eonel to ebon* UO auUion eaaare 
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Oxygen was obtained as ah independent -gas in 1774 by Priestley in 
England and in the same year by Scheele in Sweden, bat its nature and 
great importance were only perfectly elucidated by Lavoisier. 

Free oxygen may be obtained by one or other method from all the 
substances in which it occurs. Thus, for instance, the oxygen of many 
aubstances may be transferred into water, from which, aa we have 
already seen, oxygen may be obtained. 5 We will first consider the 
methods of extracting oxygen from air as being a substance everywhere 
distributed. The separation of oxygen from it is, however, hampered 
toy many difficulties. 

From air, which contains a mixture of oxygen and nitrogen, the 
nitrogen alone cannot be removed, because it has no inclination to 
combine directly or readily with any substance ; and although it does 
combine with certain substances (boron, titanium), these substances 
combine simultaneously with the oxygen of the atmosphere.* However, 

She air (at a pressure of 760 mm.) bd\each kilometre o! surface is about 10 J thousand 
►millions of kilograms, or about 10$ million tons ; therefore the whole weight of the atmo- 
sphere is about 5,100 million million («61 x 10") tons. Consequently there are about 
'•* 10 l * tons of free oxygen in the earth's atmosphere. The innumerable series of pro- 
cesses which absorb a portion of this oxygen" are compensated for by the plant processes. 
Assuming that 100 million tons of vegetable, matter, containing 40 p.c. of carbon, formed 
from carbonic acid, are produced (and the same process proceeds in water) per year on 
the 100 million square kilometres of dry land (ten tons of roots, leaves, stems, Ac, per 
hectare, or yfo of a square kilometre), we find that the plant life of the dry land gives 
About 100,000 tons of oxygen, which is an insignificant fraction of the entire mass of the 
oxygen of the air. 

* The extraction of oxygen fftm -water may be effected by two processes: either by 
the decomposition of water into He constituent parts by the action of a galvanic current 
(Chapter IX), or by means of the removal of ihe hydrogen from water. But, as we have 
seen and already know, hydrogen enters into direQ combination with very few substances, 
and then only under special circumstances; whilst oxygen, as we shall soon learn, com- 
bines with nearly all substances. Only gaseous chlorine (and, especially, fluorine) is 
capable of decomposing water, taking up the hydrogen from it, without combining with 
the oxygen. Chlorine is soluble in water, and -if an aqueous solution of chlorine, so-called 
chlorine water, be poured into a flask, and this flask be inverted in a basin containing 
the same chlorine water, then we shall have an apparatus by means of which oxygen may be 
extracted from water. At the ordinary temperature, and in the dark, chlorine does not 
act on water, or only acts very feebly ; but under the action of direct sunlight chlorine- 
decomposes water, with the evolution of oxygen. The chlorine then combines with the 
hydrogen, and gives hydrochlorie ecjd, which dissolves in the water, and therefore free 
oxygen only will be separated from the liquid, and it will only contain a small quantity 
of chlorine in admixture, which can be easily removed .by passing fte gas through a 
solution of caustic potash. 

• A difference in the physical properties of both gases cannot be here taken advantage 
of, because they sre very similar in this respect. Thus the density of oxygen is 16 timet 
and of nitrogen 14 times greater than the density of hydrogen, and therefore porous 
vessels cannot be here employed— the difference between the times pi their passage 
through a porous surface would be too insignificant. 

Graham, however, succeeded m enriching sir in oxygen by passing jit through india- 
rubber. This may be done in the following way i— A oonamon india-rubber cushion, • 
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oxygen may be separated from air by causing it to combine with sub- 
stances which may be easily decomposed by the action of heat, and, in 

(Fig. 27), is taken, and its orifice heroietioally connected with an air-pump, or, better 
etill, a mercury aspirator (the Spreugel pump is designated by the letters a, c, b). When 
the aspirator (Chapter II., Note 16) has pumped out the air, which will be seen by the 
mercury running out in an almost uninterrupted stream, and from its standing approxi- 
mately at the barometric height, then it may be clearly observed that gas passes through the 

india-rubber. This is also seen 
from the fact that bubbles of gas 
continually pass along- with the 
mercury. A minus pressure may 
be constantly maintained in the 
cushion by pouring mercury 
into the funnel a, and screwing 
up the pinchcook c, so that the 
stream flowing from it is small, 
and then a portion of the air 
passing through the india- 
rubber will be carried along 
with the mercury. This air 
may be collected in the cylin- 
der, b. Its composition proves 
to be about 49 volumes of 
oxygen with 67 volumes of ni- 
trogen, and one volume of car,- 
bonio anhydride, whilst ordinary 
air contains only SI volumes 
of oxygen in 100 volumes. A 
square metre of india-rubber 
surface (of the usual thickness) 
passes about 46 cc. of such air 
per hour. This experiment 
dearly shows that india-rubber 
'to permeable to gases. This 
may, by the way, be observed 
In common toy balloons filled 
with coal-gas. They fall after 
a day or two, not because there 
are holes in them, but because 
air penetrates into, and the gas 
from, their interior, through the 
surface of the india-rubber of 
which they are made. The 
rate of the passage of gases 
through india-rubber does not, 
as Mitchell and Graham showed, 
depend on their densities, and 
consequently its permeability 
Is not determined by orifices. It more resembles dialysis— that is, the penetration 
of liquids through ot>lloid surfaces. Equal volumes of gases penetrate through india- 
rubber in periods of time which are related to each other as follows :— carbonic anhydride* 
100 ; hydrogen, 947 ; oxygen, 589 ; marsh gas, 688 \ carbonic oxide, 1,990 ; nitrogen, 1,858. 
Henoo nitrogen penetrates more slowly than oxygen, and carbonio anhydride more 
quickly than other gases. 9666 volumes of oxygen and 19*666 volumes of carbonio 




Flo. 27— Graham's apparatus for the decomposition of sir 
by pumping it through india-rubber. 



1 
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•0 doing, give up the oxygen absorbed— that is, by making use of re- 
versible reactions. Thus, for instance, the oxygen of the atmosphere 
may be made to oxidise sulphurous anhydride, S0 2 {by passing directly 
over ignited spongy platinum), and to form sulphuric anhydride, or 
sulphur trioxide, SO, ; and this substance (which is a solid and volatile, 
and therefore easily separated from the nitrogen and sulphurous 
anhydride), on further heating, .gives oxygen and sulphurous anhydride. 
Caustic soda or lime extracts (absorbs) the sulphurous anhydride 
from this mixture, whilst the oxygen is not absorbed, and thus it is 
isolated from the air. Onr a large scale in works, as we shall afterwards 
see, sulphurous anhydride is transformed into hydrate of sulphuric 
trioxide, or sulphuric acid, H s 80 4 ; if this is allowed to drop on to 
red-hot flagstones, water, sulphurous anhydride, and oxygen are obtained. 
The oxygen is easily isolated from this mixture by passing the gases 
over lime. The-extraction of oxygen from oxide of mercury (Priestley, 
Lavoisier), which is obtained from mercury and the oxygen of the 
atmosphere, is also a reversible reaction by which oxygen may be 
obtained from the atmosphere. 80 also, by passing dry air through a 
red-hot tube containing -barium oxide, it is made to combine with the 
oxygen of the air. In this reaction the so-called barium peroxide, 
Ba0 2 , is formed from the barium oxide, BaO, and at a higher tempera* 
tare the former evolves the absorbed .oxygen, and .leaves the barium 
oxide originally taken. 7 

anhydride penetrate in the tune time as one volume of nitrogen. By multiplying thete 
ratios by the amount* of theee glees in eir, we obtain figure* which ere in almost the 
same proportion ee the volumes of the gases penetrating from air through india-rubber. 
II the process of dialysis be repeated on the air which has already passed through india- 
rubber, then a mixture containing SS pc by volume of oxygen is obtained. It may be 
thought that the cense of this phenomenon is the absorption or occl u sion (ess Chap. IL, 
Note 87) of gases by india-rubber and the evolution of the gas dissolved in a vacuum ; and, 
indeed, india-rubber does absorb gases, especially carbonic anhydride. Graham called the 
above method of the decomposition of air ofmoJjrsif . 

7 The preparation of oxygen by this method, which is due to BouasJngaolt, iscondncted 
m a porcelain tube, which is placed in a stove heated by charcoal, so that its ends project 
beyond the stove. Barium oxide (which may be obtained by igniting barium nitrate, 
previously dried) is placed in the tube, one end of which is connected with a pair of 
bellows, or a gas-holder, for keeping up a current of air through it. The eir is previously 
passed through a solution of caustic potash, to remove all traces of carbonic anhydride^ 
and it is very carefully dried (for the hydrate BaH*0? does not give the peroxide). At a 
dark-red hsai (500-400°) the oxide of barium absorbs oxygen from the air, so that the gae 
leaving the tube consists almost entirely of nitrogen. When the absorption ce a se s, theair 
will pass through the tube unchanged, which may be recognised from the fact that it sup- 
ports combustion. The barium oxide is converted into peroxide under theee ciroumstanoos, 
and eleven parts of barium oxide absorb about one part of oxygen by weight When the 
absorption ceases, one end of the tube is closed, a cork with a gas-conducting tube is fixed 
into the other end, and the heat of the stove is increased to a bright-red htat (800°). At 
this temperature the barium peroxide gives up all that oxygen which it acquired at a dark- 
red beat— *'.«. about one part by weight of oxygen is evolved from twelve parts of barium 
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Oxygen ft evolved with particular ease by a whble series of unstable 
oxygen compounds, of which we shall proceed to take a general survey, 
remarking that many of these reactions, although not all, belong to the 
number of reversible reaotions ; ' so that in order to obtain many of 
these substances (for instance, potassium chlorate) rich in oxygen, 
recourse must be had to indirect methods (see Introduction) with 
which we shall become acquainted in the course of this book. 

1. The compounds of oxygen with certain metals, and especially 
with the so-called noble metals— that is, mercury, silver, gold, and 
platinum — having once been obtained, retain theic oxygen at the ordi- 
nary temperature, but part with it at a red heat. The compounds are 
solids, generally amorphous and infusible, and are easily decomposed by 
heat into the metal and oxygen. We have seen an example of this in 

peroxide. After (he evolution of the oxygen there routine the barium oxide which wit 
originally taken, eo that air may be again patted over it, and thus the preparation of oxygen 
from one and the tame quantity of barium oxide maybe repeated many timet. Oxygen 
hat been produced one hundred timet from one matt qt oxide by this method ; all the ne-" 
eeetary precaution* being taken, at regards the temperature of the matt and the removal 
of moitture and oerbonio eoidfrom the air. Unlets thete precaution* be taken, the matt 
of oxide toon spoils. 

At oxygen may become of contiderable technical use, from itt capacity for giving 
high temperaturet and intense light in the combustion of substances,, its preparation 
directly from air by practical methods formt a problem whote tolution many invest!* 
gatort continue to work at up to the present day. The mott practical method* are those 
of Tettie* du Motay and Ressner. The first it based on the fact that a mixture of equal 
weights of manganese peroxide and caustic soda at an incipient red heat (about $60°) 
absorbs oxygen from air, with the separation of water, according to the equation MnOf ♦ 
2NaHO-t-0»Na 3 Mn0 4 +H t O. If superheated steam, at a temperature of about 460°, 
be then passed through the mixture, the manganese peroxide and caustio soda originally 
taken are regenerated, and the oxygen held by them is evolved, according to the reverse 
equation N* f Mn0 4 +EL,0-Mn0 8 +2NaHO+0. This mode of preparing oxygen may be 
repeated for an infinite number of times. The oxygen in combining liberates water, and 
steam, acting on the resultant substance, evolves oxygen. Hence all that is required for 
the preparation of oxygen by this method is fuel and the alternate cutting off the supply 
of air and steam. In Kassner*s process (1891) a mixture of oxide of lead and lime (PbO+ 
9CaO) is heated to redness in the presence of air, oxygen is then absorbed and calcium 
plumbate, Ca^PbO* formed. The latter is of a chocolate colour, and on further beating 
evolves oxygen and gives the original mixture PbO+9CaO— that it, the phenomenon is 
essentially the same as in Boussingault's process (with BaO),but according to Le Chate* 
lier (1898) the dissociation tension of the oxygen evolved from CajPbO* is less than with 
BaOa at equal temperatures ; for instance, at 940°, 119 mm. of mercury for the first, and 
for the latter 910 mm. at 790°, and 670 mm. at 790°, while for Ca J PbO i this tension is only 
reached at 1,060°. However, in Ressner's process the oxygen is absorbed more rapidly, 
and the influence of the presence of moisture and CO a in the air is not so marked, so that 
this process, like that of Teesie* du Motay, deservef consideration. 

9 Even the decomposition of manganese peroxide is reversible, and it may be re* 
obtained from that suboxide (or* its salts), which is formed in the evolution of oxygen 
(Chap. XL, Note 6). The compounds of chromio acid containing the trioxide CrO, is 
evolving oxygen give chromium oxide, CnjOs, but they re-form the telt of chromic uHA 
*hen heated to redness in air with an alkali. 
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speaking of the decomposition of mercury oxide. Priestley, in 17?4, 
obtained pure oxygen for the first time by heating mercury oxide by 
means of a burning-glass, and clearly showed its difference from air. 
He showed its characteristic property of supporting combustion • with 
remarkable vigour/ and named it dephlogisticated air. 

2. The substances called peroxides 9 evolve oxygen at a greater or 
less heat (and also by the action of many acids). They usually contain 
"metals combined with' a large quantity of oxygen. Peroxides are the 
highest oxides of certain metals ; those metals which form them gene- 
rally give several compounds with oxygen. Those of the lowest degrees 
Of oxidation, containing the least amount of oxygen, are generally sub- 
stances which are capable of. easily reacting with acids— for instance, 
with sulphuric acid. Such low oxides are called bases. Peroxides 
contain more oxygen than the bases formed by the same metals. For 
example, lead oxide contains 7*1 parts of oxygen in 100 parts, and is 
"basic, but lead peroxide contains 13*3 parts of oxygen in 100 parts. 
Manganese peroxide is a similar substance, and is a solid of a dark 
colour, which occurs in nature. It is employed for technical purposes 
under the name of black oxide of manganese (in German, ' Braunstein,' 
the pyrolusite of the mineralogist). Peroxides are able to evolve - 
oxygen at a more or leas elevated temperature. They do not then part 
with all their oxygen, but with only a portion of it, and are converted 
into a lcJwer oxide or base. Thus, for example, lead peroxide, on heat- 
ing, gives oxygen and lead oxide. The decomposition of this peroxide 
proceeds tolerably easily on heating, even in a glass vessel, but manganese 
peroxide only evolves oxygen at a strong red heat, and therefore oxygen 
can only be obtained from it in iron, or other metallic, or clay vessels. 
This was formerly the method for obtaining oxygen. Manganese 
peroxide only parts with one-third of its oxygen (according to the 
equation 3MnO,=Mn 8 4 +0 2 ), whilst two- thirds remain in the solid 
substance which forms the residue after heating. Metallic peroxides 
are also capable of evolving oxygen on heating with sulphuric acid. 
They then evolve just that amount of oxygen which is in excess of 
that necessary for the formation of the base, the latter reacting on 
the sulphuric acid forming a compound (salt) with it. Thus barium 
peroxide, when heated with sulphuric acid, forms oxygen and barium 
oxide, which gives a compound with sulphuric add termed barium 
sulphate (BaO, + H,80 4 =BaS0 4 + H& + O). 9 *» This reaction usually 

• We shall Afterwards see that it is only substances like barium peroxide (which 
£i?e hydrogen peroxide) which should be counted as true pe r oxides, and that MnO» PbO*. 
&c^ should be distinguished from them (they do not give hydrogen peroxide with acids)* 
and therefore it is best to call them dioxides. 

ln» Peroxide of barium also gires oxygen at the ordinary temperature in the | 
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proceeds with greater ease than the decomposition of peroxides by heat 
atone. For the purposes of experiment powdered manganese peroxide is 
usually taken and mixed with strong sulphuric acid in a flask, and the 
apparatus set up as shown in Fig. 28. The gas which is evolved is 
passed through a Woulfe's bottle containing a solution of caustic potash. 




Fio. 28.— Preparation of oxygen from manganese peroxide and nxlpharlo acid The gas evolved 
la patted through a Woulxe's bottle containing caustic potato. 

to purify it from carbonic anhydride and chlorine, which accompany the 
evolution of oxygen from commercial manganese peroxide, and the gas is 
not collected until a thin smouldering taper placed in front of the escape 
orifice bursts into flame, which shows that the gas coming off is oxygen. 
By this method of decomposition of the manganese peroxide by sul- 

of the solution t of many substances in a higher degree of oxidation. In this respect wo 
may mention that Kessner (1890) proposes to obtain oxygen for laboratory purposes by 
mixing BaO a with I-YKjiCN l e (red prusaiato of potash; Chapter XXII. ■, : the reaction 
proceeds with the evolution of oxygen even on the addition of a very small quantity of 
water In order to ensure a gradual evolution of gas the author proposes to introduce 
both substances into the reaction, little by little, instead of all at once, which may be 
done with the following arrangement (Gavaloffsky) : finely .powdered peroxide of barium 
is placed in an ordinary flask and sufficient water is added to fill the flask one-third 
fulL The cork closing the flask has three holes ; (1) for the gas-conducting tube ; (2) for 
a rod to stir the Ba0 9 , and (3) for a glass rod terminating in a perforated glass vessel 
containing crystals of FeK 3 (CN) 6 . When it is desired to start the evolution of the 
oxygen, the vessel is lowered until it is immersed in the liquid in the flask, and the BaO? 
is stirred with the other rod. The reaction proceeds according to the equation, Ba0 3 + 
SFeK 5 (CN) e = FeIt,(CN)e + FeK*Ba(CN)a + O* The double salt, FeBe^CN)* crystallises 
out from the mother liquor. To understand the course of the reaction, it must be remem- 
bered RftOj is of a higher degree of oxidation, and that it parts with oxygen and gives the 
base BaO which enters into the complex salt FeK ,B* (CN t< ■.-■ FeiCN i - 9XCN * Bai, C N)u 
and this latter * BaO + 4HCN - H t O. Moreover, FeK^CN) e contains the salt Fe,(CN ) a 
w,hieh also corresponds to the higher degree of oxidation of iron, Fe^0 3 , whilst after the 
fraction a salt is obtained which contains Fe(CK) t> and corresponds to the lower degree of 
oxidation, FeO, so that (in the presence of water) oxygen is also set free on this side also, 
«.e. the reaction fives lower degrees of oxidation and oxygen* 
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phurio acid there is evolved, not, as in heating, one-third, bnt one-half of 
the oxygen contained in the peroxide (MnO, + H 2 S0 4 =MnS0 4 + H,0 
+ 0)— that is, from 50 grams of peroxide about 7 J grams, or about 5£ 
litres, of oxygen, 10 whilst by heating only about 3£ litres are obtained. 
The chemists of Lavoisier's time generally obtained oxygen by heating 
manganese peroxide. At the present time more convenient methods 
are known. 

3. A third source to which recourse may be had for obtaining 
oxygen is represented in acids and salts containing much oxygen, 
which are capable, by parting with a portion or all of their oxygen, 
of being converted into other compounds (lower products of oxidation) 
which are more difficultly decomposed. These acids and salts (like 
peroxides) evolve oxygen either on heating alone, or only when in the 
presence of some other substance. Sulphuric acid may be taken as an 
example of an acid which is decomposed by the action of heat alone, 11 
for it breaks up at a red heat into water, sulphurous anhydride, and 
oxygen, as was mentioned before. Priestley, in 1772, and Scheele, 
somewhat later, obtained oxygen by heating nitre to a red heat. The 
best examples of the formation of oxygen by the heating of salts is 
given in potassium chlorate, or Berthollet's salt, so called after the 
French chemist who discovered it. Potassium chlorate is a salt com- 
posed of the elements potassium, chlorine, and oxygen, KC10 8 . It 
occurs as transparent colourless plates, is soluble in water, especially in 
hot water, and resembles common table salt in some of its reactions and 
physical properties ; it melts on heating, and in melting begins to decom- 
pose, evolving oxygen gas. This decomposition ends in all the oxygen 
being evolved from the potassium chlorate, potassium chloride being 
left as a residue, according to the equation K010 J =KC1 + J . 19 This 

10 Bcbeele, in 17S6, discovered the method of obtaining oxygen by treating manganese 
peroxide with sulphuric acid. 

11 AD add* rich in oxygen, and especially those whose elements form lower oxides, 
evolve oxygen either directly at the ordinary temperature (for instance, ferric acid), or on 
heating (nitric, manganic! chromic, chloric, and others), or if basio lower oxides are 
formed from them, by heating with sulphuric acid. Thus the salts of chromic add (for 
example, potassium dichrqmate, K^Cr a O T ) give oxygen with sulphuric acid; first potassium 
sulphate, K48O4, is formed, and then the chromic acid set free gives a sulphuric acid salt 
of the lower oxide, Cr t 5 . 

" This reaction is not reversible, and is exothermal— that is, it does not absorb heat, 
but, on the contrary, evolves 9,718 calories per molecular weight KClOj, equal to 199 
parts of salt (according to the determination of Thomson, who burnt hydrogen in a 
calorimeter either alone or with a definite quantity of potassium chlorate mixed with 
oxide of iron). It does not proceed at once, but first forms perohlorate, KC10 4 (see 
Chlorine and Potassium). It is to be remarked that potassium chloride melts at 766°, 
potassium chlorate at 869°, and potassium perchlorate at 610° (Concerning the decom- 
position of KClOj, $06 Chapter U, Note 47.) 
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decomposition proceeds at a temperature which allows of its being 
conducted in a glass vessel. However, in decomposing, the molten 
potassium chlorate swells up and boils, and gradually solidifies, so the 
evolution of the oxygen is not regular, and the glass vessel may crack. 
In order to overcome this inconvenience, the potassium chlorate is 
crushed and mixed with a powder of a substance which is infusible, 
incapable of combining with the oxygen evolved, and is a good conductor 
of heat. Usually it is mixed with manganese peroxide." The decom- 
position of the potassium chlorate is then considerably facilitated, and 
proceeds at a lower temperature (because the entire mass is then better 
heated, both externally and internally), without swelling up, and this 
method is therefore more convenient than the decomposition of the salt 
alone. This method for the preparation of oxygen is very convenient ; 
it is generally employed when a small quantity of oxygen is required. 
Further, potassium chlorate is easily obtained pure, and it evolves 
much oxygen. 100 grams of the salt give as much as 39 grams, or 
30 litres, of oxygen. This method is so simple and easy, 14 that a 
course of practical chemistry is often commenced by the preparation 
of oxygen by this method, and of hydrogen by the aid of zinc- and 
sulphuric acid, since by means of these gases many interesting and 
striking experiments may be performed. 1 * 

A solution of bleaching powder, which contains calcium hypochlorite, 
CaCl 2 2 , evolves oxygen on gently heating when a small quantity of 
certain oxides is added — for instance, cobalt oxide, which in this case 
acts by contact (see Introduction). When heated by itself, a solution 
of bleaching powder does not evolve oxygen, bnt it oxidises the cobalt 
oxide to a higher degree of oxidation ; this higher oxide of cobalt in 
contact with the bleaching powder decomposes into oxygen and lower 

u The peroxide does not evolve oxygen in this ease. It may be replaced by many 
oxides — for instance, by oxide of iron. It is necessary to take the precaution that no 
combustible substances (such as bits of papery splinters, sulphur, &c.) fall into the mix- 
ture, as they might cause an explosion. 

14 The decomposition of a mixture of fused and well-crushed potassium chlorate with, 
powdered manganese peroxide proceeds at so low a temperature (the salt does not melt) 
that it may be effected in an ordinary glass flask. The apparatus is arranged in the 
same manner as in the decomposition of mercury oxide (Introduction), or as shown in 
the last drawing. As the reaction is exothermal, the decomposition of potassium 
chlorate with the formation of oxygen may probably be accomplished, under certain 
conditions (for example, under contact action), at very low temperatures. 8ubstancea 
mixed with the potassium chlorate probably act partially in this manner. 

15 Many other salts evolve oxygen by heat, like potassium chlorate, but they only 
part with it either at a very high temperature (for instance, common nitre) or else 
•re unsuited for use on account of their cost (potassium manganate), or evolve iaa- 
psne oxygen at a high temperature (rino sulphate at a red heat gives a mixture ot 

^■tttphuroos anhydride and oxygen), and are not therefore used in practice. 
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Oxidation products, and the resultant lower oxide of cobalt with bleach- 
ing powder again gives the higher oxide, which again gives up its 
oxygen, and so on. 16 The calcium hypochlorite is here decomposed 
according to the equation CaCl,0,=CaCl,+0,. In this manner a 
small quantity of cobalt oxide 17 is sufficient for the decomposition of an 
indefinitely large quantity of bleaching powder. 

The properties of oxygen. 1 * — It is a permanent gas— that is, it can- 
not be liquefied by pressure at the ordinary temperature, and further, 
is only liquefied with difficulty (although more easily than hydrogen) at 
temperatures below — 120°, because this is its absolute boiling point. 
As its critical pressure 19 is about 50 atmospheres, it-can 'be easily lique- 
fied under pressures greater than 50 atmospheres at temperatures 
below — 120°. According to Dewar, the density of oxygen in a critical 

19 8uch is, at present, the only possible method of explaining the phenomenon of 
contact action. In many cases, such as the present one, it is supported by observations 
based on facts. Thus, for instance, it is known, as regards oxygen, that often two sob- 
stances rich in oxygen retain it so long as they are separate, bat directly they come into 
contact free oxygen is evolved from both of them. Thus, an aqueous solution of hydro- 
gen peroxide (containing twice as much oxygen as water) acts in this manner on silver 
oxide (containing silver and oxygen). This reaction takes place at the ordinary tempera- 
tare, and the oxygen is evolved from both compounds. To this class of phenomena may 
be also referred the fact that a. mixture of barium peroxide and potassium manganate 
with water and sulphuric acid evolves oxygen at the ordinary temperature (Note 9 bis). 
It would seem that the essence of phenomena of this kind is entirely and purely a 
property of contact; the distribution of the atoms U changed by contact, and if the 
equilibrium be unstable it is destroyed. This is more especially evident in the case 
of those substances which change exothermally — that is, for those reactions which are 
accompanied by an evolution of heat The decomposition CaClgOs ™ CaCla -I- Oj belongs 
to this class (like the decomposition of potassium chlorate). 

17 Generally a solution of bleaching powder is alkaline (contains free lime), and 
therefore, a solution of cobalt chloride is added directly to it, by which means the oxide 
of cobalt required for the reaction is formed. 

19 It must be remarked that in all the reactions above m en t ioned the formation of 
oxygen may be prevented by the admixture of substances capable of combining with it— 
for example, charcoal, many carbon (organic) compounds, sulphur, phosphorus, and 
various lower oxidation products, Sec These substances absorb the oxygen evolved, 
combine with it, and a compound containing oxygen is formed. Thus, if a mixture of 
potassium chlorate and charcoal be heated, no oxygen is obtained, but an explosion 
takes place from the rapid- formation of gases resulting from the combination of the 
oxygen 'of the potassium chlorate with the charcoal and the evolution of gaseous CO* 

The oxygen obtained by any of the above-described methods is rarely pure. It 
generally contains aqueous vapour, carbonic anhydride, and very often small traces of 
chlorine. The .oxygen may be freed from these impurities by passing it through a solu- 
tion of caustic potash, and by drying it. If the potassium chlorate be dry and pure, it 
gives almost pure oxygen. However, if the oxygen be required for respiration in cases 
of sickness, it should be washed by passing it through a solution of oaustio alkali and 
through water. The best way to obtain pure oxygen directly is to take potassium 
perchlorate (KC10<), which can be well purified and then evolves pure oxygen on 



19 With regard to* the absolute boiling point, critical pressure, and the critical state 
in general, see Chapter IL, Notes W and Si. 
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«tate is 0*65 (waters 1), but, like all other substances in this state, w it 
varies considerably in density with a change of pressure and tempera, 
tare, and therefore many investigators who made their observations 
under high pressures give a greater density, as much as 1*1. Liquefied 
oxygen is an exceedingly mobile transparent liquid, with a faint blue 
tint and boiling (tension =1 atmosphere) about —180° Oxygen, like 
all gases, is transparent, and like the majority of gases, colourless. It 
has no smell or taste, which is evident from the fact of its being a com- 
ponent of air. The weight of one litre of oxygen gas at 0° and 760 mm. 
.pressure is 1*4298 gram ; it is therefore slightly denser than air. 
Its density in respect to air=s 1*1056, and in respect to hydrogens 16.* 1 
In its chemical properties oxygen is remarkable from the fact that 
it very easily — and, in a chemical sense, vigorously — reacts on a number 
of substances, forming oxygen compounds However, only a few 
substances and mixtures of substances (for example, phosphorus, copper 
with ammonia, decomposing organic matter, aldehyde, pyrogallol with 
an alkali, Ac.) combine directly with oxygen at the ordinary tem- 
perature, whilst many substances easily combine with oxygen at a red 
heat, and often this combination presents a rapid chemical reaction 
accompanied by the evolution of a large quantity of heat. Every 
reaction which takes place rapidly, if it be accompanied by so great an 
evolution of heat as to produce incandescence, is termed comlmation. 
Thus combustion ensues when many metals are plunged into chlorine, 
or oxide of sodium or barium into carbonic anhydride, or when a spark 
falls on gunpowder. A great many substances are combustible in 
oxygen, and, owing to its presence, in air also. In order to start 

*° Judging from what has been said in Note 34 of the last chapter, and also from the 
results of direct observation, it is evident that all substances in a critical state have 
ft large coefficient of expansion, and are very compressible. 

71 As water consists of 1 volume of oxygen and 2 volumes of hydrogen, and 
contains 16 parts by weight of oxygen per 2 parts by weight of hydrogen, it therefore 
follows directly tliat oxygen is 16 times denser than hydrogen. Conversely, the com- 
position of water by weight may be deduced from the densities of hydrogen and oxygen, 
and the volumetric composition of water. This method of mutual and reciprocal correc- 
the practical data of the exact sciences, whose conclusions require the 
titude and variety of corrections. 

that the specific heat of oxygen at constant pressure is 02175, 

the specific heat of hydrogen (3-409) as 1 is to 156. Hence, the 

■ proportional to the weights of equal volumes. This signifies 

of both gases have (nearly) equal specific heats— that is, they require 

H- of heat for raising their temperature by 1°. We shall afterwards con* 

heat of different substances more fully in Chap. XIV, 

the majority of difficullly-liquefiable gases, is but slightly soluble in 

liquids. The solubility is given in Note 30, Chap. I. From this it is 

tar standing in air must absorb — i.e. dissolve— oxygen. This oxygen 

H 'i ration of fishes. Fishes cannot exist in boiled water, because it does 

^^Hfetaary for their respiration (tec Chap. I.) 
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combustion it is generally necessary ** that the combustible substance 
should be brought to a state of incandescence. The continuation of the 
process does not require the aid of fresh external heat, because sufficient 
heat M is evolved to raise the temperature of the remaining parts of the 
combustible substance to the required degree. Examples of this are 
familiar to all from every-day experience. Combustion proceeds in 
oxygen with greater rapidity, and is accompanied by a more powerful 
incandescence, than in ordinary air. This may be demonstrated by a 
number of * very convincing experiments. If a piece of charcoal, 
attached to a wire and previously brought to red-heat, be plunged into 
a flask full of oxygen, it burns rapidly at a 
white heat — i.e. it combines with the oxy- 
gen, forming a gaseous product of combus- 
tion called -carbonic anhydride, or carbonic 
acid gas, OO s . This is the same gas that is 
evolved in the act of respiration, for charcoal 
is one of the substances which is obtained by 
the decomposition of all organic substances 
which contain it, and in the process of re- 
spiration part of the constituents of the body, 
so to speak, slowly burn. If a piece of Pl0 w ._ Mode of bv ^ ijag ^ 
burning sulphur be placed in a small cup f*^^ honw » " aium > **- 
attached to a wire and introduced into a 

flask full of oxygen, then the sulphur, which burns in air with a 
very feeble flame, burns in the oxygen with a violet flame, which, 
although pale, is much larger than in air. If the sulphur be ex* 
changed for a piece of phosphorus, 24 then, unless the phosphorus be 
heated, it combines very slowly with the oxygen ; but, if heated, 
although on only one spot, it burns with an exceedingly brilliant white 
flame. In order to heat the phosphorus inside the flask, the simplest 
way is to bring a red-hot wire into contact with it Before the char- 
coal can burn, it must be brought to a state of incandescence. Sulphur 

n Certain substances (with which we shall afterwards become acquainted), however, 
ignite spontaneously in air ; for example, impure phosphuretted hydrogen, silicon hydride, 
tine ethyl, and pyrophorus (very finely divided iron, Stc) 

If so little heat is evolved that the adjacent parts are not heated to the temperature 
of combustion, then combustion will cease. 

u The phosphorus must be dry ; it is usually kept in water, as it oxidises in air. It 
should be cut under water, as-otherwise the fresher-cut surface oxidises. It must be dried 
carefully and quickly by wrapping it in blotting-paper. If damp, it splatters on burning. 
A small piece should be taken, as otherwise the iron spoon will melt In this and the 
c4ber°experiments on combustion, water should be poured over the bottom of the vessel 
containing the oxygen, to prevent it from cracking. The cork closing the vessel should 
not fit tightly, in order to allow (or the expansion of the gas due to the heat of the 
combustion. 
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also will not born under 100°, whilst phosphorus inflames at 40° 
Phosphorus which has been already lighted in air cannot so well be 
introduced into the flask, because it burns very rapidly and with a large' 
flame in air. If a small lump of metallic sodium be put in a smali cup 
made of lime,* 5 melted, and ignited, M it bums very feebly in air. But 
if burning sodium be introduced into oxygen, the combustion is in- 
vigorated and is accompanied by a brighter yellow flame. Metallic 
magnesium, which burns brightly in air, continues to burn with 
still greater vigour in oxygen, forming a white powder, which is a 
compound of magnesium with oxygen (magnesium oxide ; magnesia). 
A strip of iron or steel does not burn in 
air, but an iron wire or steel spring may 
be easily burnt in oxygen.* 7 The combus- 
tion of steel or iron in oxygen is not accom- 
panied by a flame, but sparks of oxide fly in 
all directions from the burning portions of 
the iron.** 

In order to demonstrate by experiment 
the combustion of hydrogen in oxygen, a 
gas-conducting tube, bent so as to form 
a convenient jet, is led from the vessel 
evolving hydrogen. The hydrogen is first 
set light to in air, and then the gas-eon- 
ducting tube is let down into a flask containing oxygen. The combus- 
tion in oxygen will be similar to that in air ; the flame remains pale, 
notwithstanding the fact that its temperature rises considerably. It is 

M An iron oap will melt with eodiam in oxygen. 

" In order to rapidly heat the lime crucible containing the sodium, it is heated in the 
flame of a blow-pipe described in Chap. VTIL 

n In order to burn a watch spring, a piece of tinder (or paper soaked In a solution of 
nitre, and dried) is attached to one end. The tinder is lighted, and the spring is then 
plunged into the oxygen. The burning tinder heats the end of the spring, the heated 
part burnt, and in so doing heats the further portions of the spring, whioh then burns 
completely if sufficient oxygen be present. 

» The sparks of rust are produced, owing to the fact that the volume of the oxide of 
ariy twice that of the volume of the iron, and as the heat evolved is not sum- 
" o oxide or the iron, the particles must be torn off and fly about. 
ied in the combustion of iron, in other cases also. We saw the 
jp in the Introduction. In the welding of iron small iron splinters 
j,and born in the air, as is seen from the fact that whilst flying 
kiain red hot, and also because, on cooling, they are seen to be no 
pound of it with oxygen. The same thing takes place when the 
I against the flint. Small scales of steel are heated by the trie- 
in the air. The combustion of iron is still better seen by taking 
r, such as is obtained by the decomposition of certain of its com* 
ating Prussian blue, or by the redaction of its compound* 



Fio. ».— Mode of burning a steal 
spring to oxygen. 
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instructive to remark that oxygen may burn in hydrogen, just aj 
hydrogen in 6xygen. In order to show the combustion of oxygen in 
hydrogen, a tube bent vertically upwards and ending in a fine orifice 
is attached to the stopcock of a gas-holder full of oxygen. Two wires,, 
placed at such a distance from each other as to allow the passage of a 
constant series of sparks from a Rubmkorffs coil, are fixed in front of 
the orifice of the tube. This is in order to ignite the oxygen, which may 
also be done by attaching tinder round the orifice, and burning it. When 
the wires are arranged at the orifice of the tube, and a series of sparks 
passes between them, then an inverted (because of the lightness of the 
hydrogen) jar full of hydrogen is placed over the gas- conducting tube*. 
When the jar covers the orifice of the gas-conducting tube (and not 
before, as otherwise an explosion, might take place) the cock of the gaso- 
meter is opened, and the oxygen flows into the hydrogen and is set light 
to by the sparks. The flame obtained is similar to that formed by the 
combustion of hydrogen in oxygen.* 9 From, this it is evident that the 
flame is the locality where the oxygen combines with the hydrogen, 
therefore a flame of burning oxygen can be obtained as well as a flame 
of burning hydrogen. 

If, instead of hydrogen, any other combustible gas be taken— for 
example, ordinary coal gas — then the phenomenon of combustion will 
be exactly the same, only a bright flame will be obtained, and the 
products of combustion will be different. However} as coal gas con* 
tains a considerable amount of free and combined hydrogen, it will also 
form a considerable quantity of water in its combustion, 

with oxygon by hydrogen ; when this fine powder it strewn in air, it burns by itself, even 
without being previously heated (it forms a pyrophorus). This obviously depends on the 
f set that the powder of iron presents a larger surface of contact with air than an equal 
weight in a compact form. 

• The experiment msy be conducted without the wires, if the hydrogen be lighted in 
the orifice of an inverted cylinder, and st the same time the cylinder be brought over the 
end of a gas-conducting tube connected with a gas-holder containing oxygen. Thomsen't 
method may be adopted for a lecture experiment Two glass tubes, with platinum ends, 
are passed through orifices, about 1-1 f centimetre apart, in a cork, One tube is con* 
nected with a gas-holder containing oxygen, and the other with a gas-holder full of 
hydrogen. Having turned on the gases, the hydrogen is lighted, and a common lamp 
glass, tapering towards the top, is placed over the cork. The hydrogen continues to burn 
inside the lamp glass, at the expense of the oxygen. . If the current of oxygen be then 
decreased little by little, a point is reached when, owing to the insufficient supply of 
oxygen, the flame of the hydrogen increases in site, disappears for several moments, and 
then reappears at the tube supplying- the oxygen. If the flow of oxygen* be again in- 
creased, the flame reappears at the hydrogen tube* Thus the flame may be made to 
appear at one or the other tube at will, only the increase or de cre ase of the current of 
gas must take place by degrees and not suddenly. Further, sir may be taken instead of 
oxygen, and ordinary coal-gas instead of hydrogen, and it will then be shown how air 
burns in an atmosphere of coal-gas, and it can easily be proved that the limp glass U 
full of a gas combustible in air, because it may be lighted at the top. 
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If hydrogen be mixed with oxygen in the proportion in which they 
form water— i.e. if two volumes of hydrogen be taken for each 
volume of oxygen —then the mixture will be the same as that obtained 

by the decomposition of water, 
by a galvanic current — deto- 
nating gas. 

We have already men- 
tioned in the last chapter 
that the combination of these 
gases, or their explosion, may 
be brought about by the 
action of an electric spark, 
because the spark heats the 
space through which it passes, 
and acts consequently in a 
manner similar to ignition by 
means of contact with an in- 
candescent or burning sub- 
stance. 19 u* Cavendish made 
this experiment on the ignition 
of detonating gas, at the end 
of the last century, in the 
apparatus shown in fig. 31. 
Ignition by the aid of the 
electric spark is convenient, 
for the reason that it may 
then be brought about in a 
closed vessel, and hence che- 
mists stilLemploy this method 
when it is required to ignite 
a mixture of oxygen with a combustible gas in a closed vessel. For this 
purpose, especially since Bunsen's time, 30 an eudiometer is employed. 
It consists of a thick glass tube graduated along its length in milli- 
metres (for indicating the height of the mercury column), and calibrated 
definite volume (weight of mercury). Two platinum wires are 

In fact, instoad of ft apark a fine wins nifty be taken, and ftn electric current 
hrougb it to bring U to a state of incandescence ; in this case there will be no 
but the gate* will inflame if the wire be fine enough to become red hot by the 
go of the current. 

Now, a great many other different forms of apparatus, sometime* designed for 
see, are employed in the laboratory for the investigation of gases. Detailed 
^^Hf the methods of gas analysis, and of the apparatus employed, must bo 
fcs on analytical and applied chemistry. 




with a 



Flo. SL— CaTendtsh's apparatus for expl . __ 
gas. The bell jar standing In tbe bath is 
mix tore of two volumes of hydrogen and one volume of 
oxygen, and tbe thick glass reuse! a U then screwed 
on to It The air Is first pumped out of this Teasel, so 
that when the stopcock c U opened, It becomes filled 
with detonating gas. The stopcock is then re-closed, 
and the explosion produced by means of a spark from 
eXsydeo far. After tbe explosion has taken place the 
Stopcock Is again opened, and the water rises into tbe 
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fused into the upper closed end of the tube, as shown in fig. 32. SI By 
the aid of the eudiometer we may not only determine the volumetric 
composition of water, 88 and the quantitative contents of oxygen in 



n 



51 They most be sealed into the tube in such a manner as to leave no aper- 
ture between them and the glass. In order to test this, the eudiometer is filled 
with mercury, and its open end inverted into mercury. If there be the 
smallest orifice at the wires, the external air will enter into the cylinder and 
the mercury will fall, although not rapidly if the orifice be very fine. 

n The eudiometer is used for determining the composition of combustible 
gases. A detailed account of gaa analyst* would be out of place in this work 
(tee Note 80), but, as an example, we will give a short description of the 
determination of the composition of water by the eudiometer. 

Pure and dry oxygen is first introduced into the eudiometer. When the 
eudiometer and the gas in it acquire the temperature of the surrounding 
atmosphere — which is recognised by the fact of the meniscus of the mercury 
not altering its position during a long period of time — then the heights at 
which the mercury stands in the eudiometer and in the bath are observed. 
The difference (in millimetres) gives the height of the column of mercury in 
the eudiometer. It must be reduced to the height at which the mercury 
would stand at 0° and -deducted from the atmospheric pressure, in order to 
find the pressure under which the oxygen is measured (see Chap. L Note 99). 
The height of the mercury also shows the volume of the oxygen. The tem- 
perature of the surrounding atmosphere and the height of the barometric 
oolnmn must also be observed, in order to know the temperature of the 
oxygen and the atmoepherio pressure. When the volume of the oxygen has 
been measured, pure and dry hydrogen is introduced into the eudiometer, 
and the volume of the gases in the eudiometer again measured. They are 
then exploded. This is done by a Leyden jar, whose outer coating is con- 
nected by a chain with one wire, so that a spark passes when the other wire, 
fused into the eudiometer, is touched by the terminal of the jar. Or else an 
electrophorus is used, or, better still, a Ruhmkorff*s coil which has the 
advantage of working equally well in damp or dry air, whilst a Leyden jar 
or electrical machine does not act in damp weather. Further, it is necessary 
to close the lower orifice of the eudiometer before the explosion (for this 
purpose the eudiometer, which is fixed in a stand, is firmly pressed dowu 
from above on to a piece of india-rubber placed at the bottom of the bath), as 
otherwise the mercury and gas would be thrown out of the apparatus by the 
explosion. It must also be remarked that to ensure complete combustion 
the proportion between the volumes of oxygen and hydrogen must not ex- 
ceed twelve of hydrogen to one volume of oxygen, or fifteen volumes of i 
oxygen to one volume of hydrogen, because no explosion wiD take place if 
one of the gates be in great excess. It is best to take a mixture of one volume of 
hydrogen with several volumes of oxygen. The combustion will then be complete, ft 
is evident that water is formed, and that the volume (or tension) is diminish ed, so that 
on opening the end of the eudiometer the mercury will rise in it. But the tension of the 
aqueous vapour is now added to the tension of the gas remaining after the explosion. 
This must be taken into account (Chap. I. Note 1). If but little gas remain, the water 
which is formed will be sufficient for its saturation with aqueous vapour. This may be 
learnt from the fact that drops of water are visible on the sides of the eudiometer after 
the mercury has risen in it. If there be none, a certain quantity of water must be intro- 
duced into the eudiometer. Then the number of millimetres expressing the pressure of 
the vapour corre s p o nding with the temperature of the experiment must be subtracted 
from the atmospheric pressure at which the remaining gas is measured, otherwise the 
result will be inaccurate (Chap. L Note 1). 

This is essentially the method of the determination of the composition of water which 
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air, 88 but also make a namberof experiments explaining the phenome- 
non of combustion. 

Thus, for example, it may be demonstrated, by the aid of the 
eudiometer, that for the ignition of detonating gas, a definite temperature 
is required. If the temperature be below that required, combination 
will not take place, but if at any spot within the tube it rises to the 
temperature of inflammation, then combination will ensue at that spot, 
and evolve enough heat for the ignition of the adjacent portions of the 
detonating mixture. If to 1 volume of detonating £as there be added 
10 volumes of oxygen, or 4 volumes of hydrogen, or 3 volumes of 
carbonic anhydride, then we shall not obtain an explosion by passing 
a spark through the diluted mixture. This depends on the fact that 
the temperature falls with the dilution of the detonating gas by another 
gas, because the heat evolved by the combination of the small quantity 
of hydrogen and oxygen brought to incandescence by the spark is not 
only transmitted to the water proceeding from the combination, but 
also to the foreign substance mixed with the detonating gas.* 4 The 
necessity of a definite temperature for the ignition of detonating gas is 
also seen from the fact that pure detonating gas explodes in the presence 
of a red-hot iron wire, or of charcoal heated to 275°, but with a lower 
degree of incandescence there is not any explosion. It may also be 
brought about by rapid compression, when, as is known, heat is evolved.** 

wm made for the firtt time by Gav-Lusseo and Humboldt with sufficient accuracy. 
Their determinations led them to the conclusion that water consists of two volumes of 
hydrogen (more exactly 9-008, Le Due 1899), and one volume of oxygen. Every Urns 
they took a greater quantity of oxygen, the gas remaining after the explosion-was oxygen. 
When they took an excess of hydrogen, the remaining gas was hydrogen ; and when the 
oxygen and hydrogen were taken in exactly the above proportion, neither one nor the 
other remained. The composition of water was thus definitely confirmed. 

•J Conoerning this application of the eudiometer, see the chapter on Nitrogen. It may 
be mentioned as illustrating the various uses of the eudiometer that Prof. Timeraeeeff 
employed microscopically small eudiometers to analyse the bubbles of gas given oil from 
the leaves of plants. 

84 Thus s volume of oarbonio oxide, an equal volume of marsh gas, two volumes of 
hydrogen chloride or of ammonia, and six volumes of nitrogen or twelve volumes of sir 
added to one volume of detonating gas, prevent its explosion. 

** If the compression be brought about slowly, so that the heat evolved succeeds in 
passing to the surrounding spaoe, then the combination of the oxygen and hydrogen does 
not take place, even when the mixture is compressed by 160 times; for the gases are not 
heated. If paper soaked with a solution of platinum (in aqua regis) and sal ammonjao 
be burnt, then the ash obtained contains very finely-divided platinum, and in this form 
ft is best fitted for igniting hydrogen and detonating gas. Platinum wire requires to be 
heated, but platinum in so finely divided a state as it occurs in this ash inflames hydro- 
gen, even at -S0°. Many other metals, such as palladium (176°), iridium, and gold, act 
with a slight rise of temperature, like platinum ; but mercury, at its boiling point, does 
not inflame detonating gas, although the alow formation o{ water then begins at 
806° All data of this kind show that the explosion of detonating gas presents one 
sf the many oases of contact phenomena. Tfeis oori cl usjon is further confirmed by the 
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Experiments made in the eudiometer showed that the ignition of 

researches of V. Meyer (189ft). He showed that only -a very alow formation of steam 
begins at 448°, and that it only proceeds more rapidly at 618° The temperature of the 
explosion of detonating gas, according to the same author, raries according as to whether 
the explosion is produced in open vessels or in closed tubes. In the first case the tem- 
perature of explosion lies between 580°-606°, and in the second between 680°-780*. 
In general it may be remarked that the temperature of explosion of gaseous mixtures is 
always lower in closed vessels than when the detonating mixture flows freely through' 
tubes. According to Freyer and V. Meyer, the following gases when mixed with the 
requisite amount of oxygen explode at the following temperatures 



- 


When flowing freely 


In closed vessels 


H, 


<M0°-18O 


630°-606° 


C 3 Hs 


650°-780° 


60e°-650° 


606°-650 3 


680°-606° 


cf 4 


606°-660° 


680°-806° 


660°-780° 


650°-780° 


H a S 


816°-820° 


8500-370° 


H« + C1, 


480°-440 5 


940°-970° 



The velocity of the transmission of explosion in gaseous mixtures £s as characteristic 
a quantity for gaseous systems as the velocity of the transmission of sound. Berthelot 
showed that this velocity depends neither upon the pressure nor upon the sise of the 
tubes in which the gaseous mixture is contained, nor upon the material out of which the 
tube is made. Dixon (1891) determined the magnitude of these velocities for various 
mixtures, and his results proved very near to those previously given by Berthelot, For 
comparison we give the velocities expressed in metres per second : 



- 


Dixon 


Berthelot 


H a +0 
Hj + NjO 
CtL + 40 
CA+OO 
C,H a + 50 
C,N t + 40 


9,831 
2,306 
3,829 
8,884 
2,891 
9,831 


9,810 
2,984 
9,987 
9,910 
9,489 
9,195 



The addition of oxygen to detonating gas lowers the velocity of the transmission of 
explosion almost as much as the introduction of nitrogen. An excess of hydrogen on the 
contrary raises the velocity of transmission. It is remarked that the explosion of mixtures 
of oxygen with marsh gas, ethylene and cyanogen is transmitted more quickly if the 
oxygen be taken in such a proportion that the carbon should burn-to oxide of carbon, m. 
the velocity of the explosion is less if the oxygen be taken in sufficient quantity to form 
carbonic anhydride. Observations upon liquid and solid explosives (Berthelot) show that 
in this case the velocity of transmission of explosion is dependent upon the material ot 
the tube.- Thus the explosion of liquid nitro-methyl ether In glass tubes travel* at the 
rate (in dependence upon the diem, from 1 mm.-45 mm.) of from 1,890 to 9,489 metres, 
and in tubes of Britannia metal (8 mm. in diam) at the rate of 1,980 metres. The harder 
the tube the greater the velocity of transmission of explosion. The following are the 
velocities for certain bodies : 

metrsi 
Nitro-glyoerine •««»«••«» 1,800 
Dynamite s4s«s««««* •tWO 
Nitro-mannUe ••»••• t ?. 7,700 

Picric acid ••»••»•»• ^ 6,909 
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detonating gas takes place at a temperature between 450° and 
660 . 36 

The combination of hydrogen with oxygen is accompanied by the 
evolution of a very considerable amount of heat ; according to the 
determinations of Favre and Silbermann,* 7 1 part by weight of hydro* 

In conclusion we may add that Mallard and Le Chatelier (1883) observed that in the 
explosion of a mixture of 1 volume of detonating gas with n volumes of an inert gas, the-, 
pressure is approximately equal to 0H— 0*9n atmospheres. 

** From the very commencement of the promulgation of the idea of dissociation, it 
might have been imagined that reversible reactions of combination (the formation of Hj 
and O belongs to this number) commence at the same temperature as that at which 
dissociation begins. And in many oases this is so, but not always, as may be teen from 
the facts (1) that at 450-560°, when detonating gas explodes, the density of aqueous 
vapour not only does not vary (and it hardly varies at higher temperatures, probably 
because the amount of the products of dissociation is small), but there are not, as far as 
is yet known, any traces of dissociation ; (2) that under the influence of contact the tern* 
perature at which combination takes place falls even to the ordinary temperature, when 
water and similar compounds naturally are not dissociated and, judging from the data 
communicated by D. P. Konovaloff (Introduction, Note 89) and others, it is impossible to 
escape the phenomena of contact ; all vessels, whether of metal or glass, show the same/ 
influence as spongy platinum, although to a much less degree. The phenomena o( 
contact, judging from a review of the data referring to 
it, must be especially sensitive in reactions which are 
powerfully exothermal, and the explosion of detonating 
gas is of this kind. 

57 The amount of heat evolved in the combustion of 
a known weight (for instance, 1 gram) of a given sub- 
stance is determined by the rise in temperature of 
water, to which the whole of the heat evolved in the 
combustion is transmitted. A calorimeter, for example 
that shown in fig. 88, is employed for this purpose. It 
consists of a thin (in order that it may absorb less 
heat), polished (that it should transmit a minimum of 
heat) metallio vessel, surrounded by down (c), or some 
other bad conductor of heat, and an outer metallio 
vessel. This is necessary in order that the least 
possible amount of heat should be lost from the 
vessels ; nevertheless, there is always a certain loss, 
whose magnitude is determined by preliminary experi- 
ment (by taking warm water, and determining its fall 
in temperature after a definite period of time) as a 
correction for the results of observations. The water 
Pro. IS.— Parrs and Stlbennann'scalo- to which the heat of the burning substance is trans- 

ev^JS l?o£Z2$£F ** ^ «**•* «• T*™** * to «*• ™* The stirrer g allows 
of all the layers of water being brought to the same 
temperature, and the thermometer serves for the determination of the temperature of the 
water. The heat evolved passes, naturally, not to the water only, but to all the parts of 
the apparatus. The quantity of water corresponding to the whole amount of those 
objects (the vessels, tubes, &c.) to which the heat is transmitted is previously determined, 
and in this manner another most important correction is made in the calorunetric deter- 
minations. The combustion itself is carried on in the vessel a. The ignited substance 
is introduced through the tube at the top, which closes tightly. In fig. 88 the apparatus 
is arranged for the combustion of a gas, introduced by a tube. The oxygen required for 
the combustion is led into a by the tube 0, and the products of combustion either rematu 
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gen in forming water evolves 34,462 units of heat. Many of the most 
recent determinations are very close to this figure, so that it may be 
taken that in the formation of 18 parts of water (H a O) there are evolved 
69 major calories, or 69,000 units of heat 38 If Uie specific heat of 

in the vessel a (if liquid or solid), or escape by the tube/ into an apparatus in which their 
quantity and properties can easily be determined. Thus the heat evolved in combustion 
passes to the walls of the vessel a, and to the gases which are formed in it, and these 
transmit it to the water of the calorimeter. 

* This quantity of heat corresponds with the formation of liquid water at the ordinary 
temperature from detonating gas at the same temperature. If the water be as vapour 
the heat evolved = 68 major calories ; if as ice - 70*4 major calories. A portion of this 
heat is due to the fact that 9 vols, of hydrogen and 1 vol. of oxygen give 9 vols, of 
aqueous vapour— that is to say, contraction ensues— and this evolves best. This quan« 
tity of heat may -be calculated, but it cannot b* **id now much is expended in the 
separation of the atoms of oxygen from each other, and, therefore, strictly speaking, wo 
do not know the quantity of heat which is evolved in toe reaction alone, although the 
number of units of heat evolved in the combustion of detonating gas is accurately 
known. 

The construction of the calorimeter and even the method of determination vary 
considerably in different cases. Since the beginning of the nineties, a large number of 
determinations of the heat of combustion have been conducted in closed bombs con- 
taining compressed Oxygen. The greatest number of calorimetrio determinations were 
made by Berthelot and Thomson. They are given m their works Etsai de mtcanique 
chimique fondle sur la thermochimie t by M. Berthelot, 1879 (2 vols.), and thermo- 
chemische TJntersuchungen, by J. Thomson, 1886 (4 vols.) The most important methods 
of recent thermochemistry, and all the trustworthy results of experiment, are given in 
Prof. P. F. Louginin's Description of the Different Mode* of Determining the Heat of 
Combustion of Organic Compounds* Moscow, 1894. The student must refer to works 
on theoretical and physical chemistry for a description of the elements and methods 
of thermochemistry \ into the details of which it is impossible to enter in this work. One 
of the originators of thermochemistry, Hesv, was a member of the St. Petersburg 
Academy of Sciences. 8inoe 1870 a large amount of research has been carried out in 
this province of chemistry, especially in France and Germany, after the investigations 
of the French Academician, Berthelot, and Professor Thomson, of Copenhagen. Among 
Russians, Beketoff, Louginin, Cheltsoff, Chroustchoft*, and others are known by their 
thermochemical researches. The present epoch of thermochemistry must be considered 
rather as a collective one, wherein the material of facts is amassed, and the first conse- 
quences arising from them are noticed. In my opinion two -essential circumstances 
prevent the possibility of deducing any exact consequences, of importance to chemical 
mechanics, from the immense store of thermochemical data already collected : (1) The 
majority of the determinations are conducted in weak squeoos solutions, and, the heat 
of solution being known, are referred to the substances in solution ; yet there is much 
(Chapter L) which leads to the conclusion that in solution water does not play the 
simple part of a diluting medium, but of itself acts independently in a chemical sense 
on the substance dissolved. (9) Physical and mechanical changes (decrease of volume, 
diffusion, and others) invariably proceed side by side with chemical changes, and for the 
present it is impossible, in a number of cases, to distinguish the thermal effect of Che one 
and the other kind of change. It is evident that the one kind of change (chemical) is 
essentially inseparable and incomprehensible without the other (mechanical and physi- 
cal) ; and therefore it seems to me that thermochemical data will only acquire their true 
meaning when the connection between the phenomena of both kinds (on the one hand 
chemical and atomic, and on- the other hand mechanical and molecular or between 
entire masses) is explained more dearly and fully than is at present the case. As there 
is no doubt that the simple mechanical contact, or the action of heat alone, on sub* 
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aqueous vapour (iMB). remained constant from the ordinary temperature 
4o thai at which the combustion of detonating gas takes place (but there 
if now no doubt that it increases), were the combustion concentrated 
at one point** (but it occurs in the whole region of a flame), were there 
jxa loss from radiation and -heat conduction, and did dissociation not 
take place— that is, did not a state of equilibrium between the hydrogen, 
oxygen, and water come about -timn it would be possible to calculate 
the temperatufe of thejlame of detonating gas. It would then be 8,000°. 4 ° 
In reality it is very much lower, but it is nevertheless higher than the 
temperature attained in furnaces and flames, and is as high as 2,000°, 
The explosion of detonating gas is explained by this high temperature, 
because the aqueous vapour formed must occupy a volume at least 
6 times greater than that occupied by the detonating gas at the ordi- 
nary temperature Detonating gas emits a sound, not only as a con- 
sequence of the commotion which occurs from the rapid expansion of 
the heated vapour, but also because it is immediately followed by a 
cooling effect, the conversion of the vapour into water, and a rapid 
contraction. 41 

stances sometime* causes an evident sad always * latent (incipient) chemical ohange-* 
thai it, a different distribution or motion of the atoms In the molecule*— it follows 
Chat purely chemical phenomena are inseparable from physical and mechanical pheno- 
mena. A mechanical ohange may he imagined without a physical change, and a physical 
without a chemical change, but it is impossible to imagine a chemical change without 
a physical and mechanical one, fox without the latter we should not be able to recognise 
the former, and it is by their means that we are enabled to do so.. 

» The name, or locality where' the combustion of gases and vapours takes place, is a 
complex phenomenon, 'an. entire factory,' as Farad*} ssjs, and therefore we will oonsidet 
flame in some detail in one of the following notes* 

«• If 84,000 units of heat are evolved in the combustion of 1 part of hydrogen, an3 
this heat is transmitted to the resulting 9 p*rU by weight of aqueous vapour, then we 
and that, taking the specific heat of the latter as 0-47*;. each unit of heat raises the 
temperature of 1 part by weight of aqueous vapour 9 0, 1 and 9 parts by weight (21 +0) 
0°-98 ; hence the 04,900 unite of heat raise its temperature 7,985°. If detonating gas it 
converted into water in a closed space, then the aqueous vapour formed cannot expend 
end therefore, in calculating the temperature of combustion, the specific heat at a con* 
stent volume must be taken into consideration j for aqueous vapour it is O'Sft. This 
figure gives a still higher temperature for the flame. In reality it is much lower, but the 
results given by different observers are very contradictory (from 1,700° to 3,400°), the 
discrepancies depending on the fact that flames of different sisee are cooled by radiation 
to a different degree, but mainly on the fact that tfeo methods and apparatus (pyro- 
meters) for the determination of high temperatures, although, they enable relative 
Changes of temperature to he judged, are of little nee for determining their absolute 
magnitude. By taking the temperature of the flame of detonating gas as 9,000°, I give, 
I think, the average of the most traatwarthy determinations tad calculations fraetd nmm 
the determination of the variation of the specifr heat of aqueous vapour and ether 
gases (see Chapter XLI.) 

u It is evident that not only hydrogen, but every other combustible gas, will give an 
explosive mixture with oxygen. For this reason coal-gas mixed with sir explodee when 
tils mixture is ignited. The pressure obtained in the explosions serves aethe motive* 
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Mixtures of hydrogen and of various other gases with oxygen 
are taken advantage of for obtaining high temperatures. By th& 
aid of such high temperatures metals like platinum may be melted 
on a large scale, which cannot be performed in furnaces heated with 
charcoal and fed by a current of air. The burner, shown in £g. 34, id 
constructed for the application of detonating gas to the purpose. It 
consists of two brass tubes, one fixed inside the other, as shown in the 
drawing. The internal central tube conducts oxygen, and the 
outside, enveloping, tube E' E' conducts 
hydrogen. Previous to their egress the 
gases do not mix together, so that 
there can be no explosion inside the 
apparatus. When this burner is in 
use is connected with a gas-holder 
containing oxygen, and E with a gas* 
holder containing hydrogen (or some* 
times coal-gas). The flow of the gases 
can be easily regulated by the stop* 
cocks H. The flame is shortest and 
evolves the greatest heat when the 
gases burning are in the proportion of 
1 volume ot oxygen to 2 volumes of 
hydrogen. The degree of heat may be 
easily judged from the fact that a thin 
platinum wire placed in the flame of a 
properly proportioned mixture easily 
melts. By placing the burner in the 
orifice of a .hollow piece of lime, a crucible A B is obtained in which 
the platinum may be easily melted, even in large quantities if the 
current of oxygen and hydrogen be sufficiently great (Deville). The 
flame of detonating gas may also be used for illuminating purposes. 
It is by itself very pale, but owing to its high temperature it may 
serve for rendering infusible objects incandescent, and at the very 
high temperature produced by the detonating gas the incandescent 




9lO. 84.— Safety burner for detonating 
gas, described in text. 



potoer of gat engine*. In this ease advantage it taken, not only of the pressure pro* 
doeed by the explosion, bat also of that contraction Which takes place after the explosion. 
On this is bes*4 the construction of several motors, of which Lenoir's was formerly, and 
Otto's is now, the best known. The explosion is usually produced by coal-gas and air, 
but of late the vapour* of combustible liquids (kerosene, benzene) are also being 
employed in nlace of gas (Chapter IX.) In Lenoir's engine a mixture of coal-gas and 
air is ignited by means of sparks from a Ruhmkorffe coil, but in the most recent machines 
the gases are ignited by the direct action of a gas jet, or by contact with the hot walls ol 
• side tube, 

•9 
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substance gives a most intense light. For this purpose lime, mag- 
nesia, or oxide of zirconium are used, as they are not fusible at 
the very high temperature evolved by the detonating gas. A small 
cylinder of lime placed in the flame of detonating gas, if regulated to 
the required point, gives a very brilliant white light, whioh was at one 
time proposed for illuminating lighthouses. At present in the majority 
of cases the electric light, owing to its constancy and other advantages, 
has replaced it for this purpose The light produced by the incan- 
descence of lime in detonating gas is called the Prurnmond light or 
limelight 

The above cases form examples of the combustion of elements in 
oxygen, but exactly similar phenomena are observed in the combustion 
of compounds. 80, for instance, the solid, colourless, shiny substance, 
naphthalene, C, H„, burns in the air with a smoky flame, whilst in 
oxygen it continues to burn with a very brilliant flame. Alcohol, oil, 
and other substances burn brilliantly in oxygen on conducting the 
oxygen by a tube to the flame of lamps burning these substances. A 
high temperature is thus evolved, which is sometimes taken advantage 
of in chemical practice. 

In order to understand why combustion in oxygen proceeds more 
rapidly, and is accompanied by a more intense heat effect, than com- 
bustion in air, it must be recollected that air is oxygen diluted with 
nitrogen, which does not support combustion* and therefore fewer par- 
ticles of oxygen flow to the surface of a substance burning in air than 
when burning in pure oxygen, besides which the reason of the intensity 
of combustion in oxygen is the high temperature acquired by the sub- 
stance burning in it. 41 *• 

41 ** Let us consider as an example the combustion of sulphur in sir and in oxygen 
II 1 gram of sulphur burns in sir or oxygen it evolves in either case 9960 units of heat- 
le. evolves sufficient heat for heating 9,950 grams of water 1° C. This heat is first of all 
transmitted to the sulphurous anhydride, 80* formed by the combination of sulphur 
with oxygen. In its combustion. 1 gram of sulphur forms 9 grams of sulphurous an* 
hydride— i.e. the sulphur combines with 1 gram of oxygen. In order that 1 gram of 
sulphur should have access to 1 feram of oxygen in air, it Is necessary that 8*4 grams 
of nitrogen should simultaneously reach the sulphur, because air contains seventy-seven 
parts of nitrogen (by weight) per twenty-three parts of oxygen. Thus in the combustion 
of 1 gram of sulphur, the 9,960 units of heat are transmitted to 9 grams of sulphurous 
oxide and to at least 8*4 grams of nitrogen. As 0*165 unit of' heat is required to raise 
1 gram of sulphurous anhydride 1° C», therefore 9 grams require 0*81 unit. 80 also 8*4 
prams of nitrogen require 8'4 x 0*944 or 0*88 unit of heat, and therefore in order to raise 
both gases 1° C. 0*81+0*88 or 1*14 unit of beat is required; but aa the combustion of 
the sulphur evolves 9,960 units of heat, therefore the gases might be heated (if their 

qpedno heats remained constant) to —52 or 1,974° C. That is, the maximum possible 

temperature of the flame of the sulphur burning in air will be 1,974° C. In the combus- 
tion of the sulphur in oxygen.tha heat evolved (9^960 units) oan only pass to the 9: grams 
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Among the phenomena accompanying the combustion of certain 
substances, the phenomenon of flame attracts attention. Sulphur, 
phosphorus, sodium, magnesium, naphthalene, &c., burn like hydrogen 
with a flame, whilst in the combustion of other substances no flame is 
observed, as, for instance, in the combustion of iron and of charcoal. 
The appearance of flame depends on the capacity of the combustible 
substance to yield gases or vapours at the temperature of combustion. 
At the temperature of combustion, sulphur, phosphorus, sodium, and 
naphthalene pass into vapour, whilst wood, alcohol, oil, tkc, are decom- 
posed into gaseous and vaporous substances. The combustion of gases 
and vapours forms flames, and therefore aflame is composed of the hot 
and incandescent gases and vapours produced by combustion. It may 
easily be proved that the flames of such non- volatile substances as wood 
contain volatile and combustible substances formed from them, by 
placing a tube in the flame connected with an aspirator. Besides the 
products of combustion, combustible gases and liquids, previously in the 
flame as vapours, collect in the aspirator. For this experiment to 
succeed— i.e. in order to really extract combustible gases and vapours 
from the flame— it is necessary that the suction tube should be placed 
inside the flame. The combustible gases and vapours can only remain 
unburnt inside the flame, for at the surface of the flame they come into 
contact with the oxygen of the air and burn. 41 Flames are of different 
degrees of brilliancy, according to whether solid incandescent particles 
occur in the combustible gas or vapour, or not. Incandescent gases 
and vapours emit but little light by themselves, and therefore give a 
paler flame. 43 If a flame does not contain solid particles it is trans- 

of sulphurous anhydride, and therefore the highest possible temperature of the flame of 

the sulphur in oxygen will be « =£? or 7258°. In the same manner it may be caleu- 
0*81 

lated -that the temperature of charcoal burning in air cannot exceed 2,700°, while in 

oxygen it may attain 10,100° C. For this reason the temperature in oxygen will always 

be higher than in air, although (judging from what has been said respecting detonating 

gas) neither one temperature nor the other will ever approximate to the theoretical 

amount. 

41 Faraday proved this by a very convincing experiment on a candle flame. If one 
arm of a bent glass tube be placed in a candle flame above the wick in the dark portion 
of the flame, then the products of the partial combustion of the stearin will pass up the 
tube, condense in the other arm,. and collect in a flask placed under it (fig. 85) as heavy 
white fumes which burn when lighted* If the tube be raised into the upper lumi- 
nous portion of the flame, then a dense black smoke which will not inflame accumulates 
in the flask. Lastly, if the tube be let down until it touches the wick, then little but 
-stearic acid condenses in the flask. 

45 AH transparent substances which transmit light with great ease (that is, which 
absorb but little light) are but little luminous when heated ; so also substances which 
absorb but few heat rays, when heated transmit few rays of heat. 
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parent, pale, and emits but little light. 44 The flames of burning 
alcohol, sulphur, and hydrogen are of this kind. A pale flame may be 
rendered luminous by placing fine particles of solid matter in it. Thus, 
if a very fine platinum wire be placed in the pale flame of burning 
alcohof— or, better still, of hydrogen— the flame emits a bright light 

This is still better seen 
by sifting the powder of 
an incombustible substance, 
such as fine sand, into the 
flame, or by placing a bunch 
of asbestos threads in it. 
Every brilliant flame always 
contains some kind of solid 
particles, or at least some 
very dense vapour. The 
flame of sodium burning 
in oxygen has a brilliant 
yellow colour, from the 
presence of particles of solid 
sodium oxide. The flame 
of magnesium is brilliant 
from the fact that in burn- 
ing it forms solid magnesia, 
which becomes white hot, 
and similarly the brilliancy 
of the Drummond light is 
due to the heat of the flame raising the solid non-volatile lime to a 
state of incandescence. The flames of a candle, wood, and similar sub-% 
stances are brilliant, because they contain particles of charcoal or soot. 
It is not the flame itself which is luminous, but the incandescent soot 
it contains. These particles of charcoal which occur in flames may be 
easily observed by introducing a cold object, like a knife, into the 
flame. 45 The particles of charcoal burn at the outer surface ( of the 
flame if the supply, of air be sufficient, but if the supply of air— that is, 

44 There is, however, no doubt but thai very heavy dense vapours or gases tinder 
pressure (according to the experiments of Frankland) are luminous when heated, be- 
cause, as they become denser they approach a liquid or solid state. Thus detonating 
gas when exploded under pressure given a brilliant light. 

4 * If hydrogen gas be passed through a volatile liquid hydrocarbon— for instance, 
through bensene (the benzene may be poured directly into the vessel in which hydrogen 
Is generated)— then its vapour burns with the hydrogen and gives a very bright flame, 
because the resultant particles of carbon (soot) become incandescent. Bensene, or 
platinum gauje, introduced into a Uydrogen flame may be employed for illuminating 
purposes. 




FiO. W.— Faraday's experiment for investigating the 
different port* of a caudle flame. 
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of oxygen— be insufficient for their combustion the flame smokes, because 
the unconsumed particles of charcoal are carried off by the current of 
air. 4 * 

46 Inflames the separate parts may be distinguished with more or leu distinctness 
That portion of the flame whither the combustible vapours or gases flow, is not luminous 
because its temperature is still too low for the process of combustion to take place in it. 
This is the space which in a candle surrounds the wick, or in a gas jet is immediately 
above the orifice from which the gas escapes. In a candle the combustible vapours and 
gases which are formed by the action of heat on the melted tallow or stearin rise in the 
wick, and are heated by the high temperature of the flame. By the action of the heat, 
the solid or liquid substance is here, as in other cases, decomposed, forming products of 
dry distillation. These products occur in the central portion of the flame of a candle. 
The air travels to it from the outside, and is not able to intermix at once with the vapours 
and gases in all parts of the flame equally ; consequently, 
in the outer portion of the flame the amount of oxygen will 
be greater than in the interior portions. But, owing to 
diffusion, the oxygen, of course mixed with nitrogen, flowing 
towards the combustible substance, does finally penetrate to 
the interior of the flame (when the combustion takes place 
in ordinary air) . The combustible vapours and gases combine 
with this oxygen, evolve a considerable amount of heat, and 
bring about that state of incandescence which is so necessary 
both for keeping up the combustion and also for the uses to 
which the flame is applied. Passing from the colder envelope 
of air through the interior of the flame, to the source of the 
combustible vapours (for instance, the wick), we evidently 
first traverse layers of higher and higher temperature, and 
then portions which are less and less hot, in wliich the combus- 
tion is less complete, owing to the limited supply of oxygen. 

Thus unburnt products of the decomposition of organic 
substances occur in the interior of the flame. But there is 
always free hydrogen in the interior of the flame, even when 
oxygen is introduced there, or when a mixture of hydrogen 
and oxygen burns, because the temperature evolved in the 
combustion of hydrogen or the carbon of organic matter is 
so high thai the products of combustion are themselves 
partially decomposed— that is, dissociated— at this tempera- 
ture. Hence, iu a flame a portion of the hydrogen and of 
the oxygen which might combine with the combustible sub- 
stances must always be present in a free state. If a hydro- 
carbon burns, and we imagine that a portion of the hydrogen 
is in a free state, then a portion of the carbon must also occur 
in the same form in the flame, because, other conditions 
being unchanged, carbon burns after hydrogen, and this 
is actually observed in the'combustion of various hydro- 
carbons. Charcoal, or the soot of a common flame, arises 
from the dissociation of organic substances contained in the flame. The majority of 
hydrocarbons, especially those containing much carbon— for instance, naphthalene- 
burn, even in oxygen, with separation of soot In that portion of the flame where 
the hydrogen burns the carbon remains unburnt, or at least partly so. It is this 
free carbon which causes the brilliancy of the flame. That the interior of the flame 
contain* a mixture which is still capable of combustion may be proved by the follow- 
ing experiment: A portion of the gases may be withdrawn by an aspirator from 
the central portion of the flame of carbonic oxide, which is combustible in air. For 




Fio. 16.— In the candle flame 
the portion C contains tits 
vapours and products of de- 
composition ; in the bright 
cone A the combustion has 
commenced, and particles 
of carbon are emitted ; and 
In the pale tone B the com- 
bustion is completed. 



Digitized by 



Google 



180 PRINCIPLES OF CHEMI8TRY 

The combination of various substances with oxygen may not 
present any signs of combustion —that is, the temperature may rise 
but inconsiderably This may either proceed from the fact that the 
reaction of the substance (for example, tin, mercury, lead at a high 
temperature, or a mixture of pyrogallol with caustic potash at the 
ordinary temperature) evolves but little heat, or that the heat 
evolved is transmitted to good conductors of heat, like metals, or that 
the combination with oxygen takes place so slowly that the heat 
evolved succeeds in passing to the surrounding objects. Combustion 
Is only a particular, intense, and evident case of combination with 

this purpose Deville passed water through a metallic tube having a fine lateral orifice, 
which is placed in the flame. As the water flews along the tube portions of the gases 
of the flame enter, and, passing along the tube alternately with cylinders of water, are 
carried away into an apparatus where they can be investigated. It appears that all 
portions of the flame obtained by the combustion of a mixture of carbonic oxide and 
oxygen contain a portion of this mixture still unburn!. The researches of Deville 
and Bunsen showed that in the explosion of a mixture of hydrogen and of carbonic oxide 
with oxygen in a closed space, complete combustion does not ever take place im- 
mediately. If two volumes of hydrogen and one volume of oxygen be confined in a 
closed space, then on explosion the pressure does not attain that magnitude which it 
would were there immediate and complete combustion. It may be calculated that the 
pressure should attain twenty-six atmospheres. In reality, it does not exceed nine and a 
half atmospheres. 

Hence the admixture of the products of combustion with an explosive mixture pre- 
vents the combustion of the remaining mass, although capable of burning. The ad- 
mixture of carbonic anhydride prevents carbonic oxide from burning. The presence 
of any other foreign gas interferes in the same manner. This shows that every portion 
of a flame must contain combustible, burning, and already burnt substances— i.e . oxygen, 
carbon, carbonic oxide, hydrogen, hydrocarbons, carbonic anhydride, and water. Con- 
sequently, it if impoisible to attain imtantaneoui complete combustion, and this is one 
of the reasons of the phenomenon of flame. A certain space is required, and the tem- 
perature must be unequal in different parts of it In this space different quantities of 
the component parts are successively subjected to combustion, or ate cooled under the 
influence of adjacent objects, and combustion only ends where the flame ends. If the 
combustion could be concentrated at one spot, then the temperatura would be incom- 
parably higher than it is under the actual circumstances. 

The various regions of the flame have formed the frequent subject of experimental 
research, and the experiments conducted by Smithells and Ingle (1892) are particularly 
instructive; they show that the reducing (interior) and oxidising (exterior) portions of 
the flame of a burning gas may be divided by taking a Bunsen burner, and surrounding 
the flame of the gas burnt in it, by another wider tube (without the access of air to the 
annular space or allowing only a small current of air to pass), when a gaseous mixture, 
containing oxide of carbon and capable of further combustion, will issue from this 
enveloping tube, so that a second flame, corresponding to the exterior (oxidising) portion 
of an ordinary flame, may be obtained above tb* enveloping tube. This division of the 
flame into two portions is particularly clear when cyanogen C a N 3 is burnt, because the 
interior portion (where CO is chiefly formed according to the equation C,N a + O a - 
9CO t- N s , but a portion of the nitrogen is oxidised) is of a rose oolour, while the exterior 
portion (where the CO burns into COj at the expense of a fresh quantity of oxygen 
and of the oxides of nitrogen proceeding from the interior portions) is of a bluish-grcy 
colour. 
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oxygen. Respiration is also an act of combination with oxygen ; 
it also serves, like combustion, for the development of heat by those 
chemical processes which accompany it (the transformation of oxygen 
into carbonic anhydride). Lavoisier enunciated this in the lucid ex- 
pression, ' respiration is slow combustion.' 

Reactions involving slow combination of substances with oxygen 
are termed oxidations. Combination of this kind (and also combustion) 
often results in the formation of acid substances, and hence the 
name oxygen (Sauerstoff). Combustion is only rapid oxidation. 
Phosphorus, iron, and wine may be taken as examples of substances 
which slowly oxidise in air at the ordinary temperature. If such a 
substance be left in .contact with a definite volume of air or oxygen, it 
absorbs the oxygen little by little, as may be seen by the decrease in 
volume of the gas. This slow oxidation is not often accompanied by 
a sensible evolution of heat ; an evolution of heat really does occur, only 
it is not apparent to our senses owing to the small rise in temperature 
which takes place ; this is owing to the slow rate of the reaction and 
to the transmission of the heat formed as radiant heat, &c. Thus, in 
the oxidation of wine and its transformation into vinegar by the usual 
method of preparation of the latter, the heat evolved cannot be observed 
because it extends over several weeks, but in the so-called rapid process^ 
of the manufacture of vinegar, when a large quantity of wine is 
comparatively rapidly oxidised, the evolution of heat is quite appa- 
rent. 

Such slow processes of oxidation are always taking place in nature 
by the action of the atmosphere. Dead organisms and the substances 
obtained from them — such as bodies of animals, wood, wool, grass, Ac- 
are especially subject to this action. They rot and decompose — that is, 
their solid matter is transformed into gases, under the influence of 
moisture and atmospheric oxygen, and generally under the influence of 
other organisms, such as moulds, worms, micro-organisms (bacteria), ' 
and the like. These ace processes of slow combustion, of slow com- 
bination with oxygen. It is well known that manure rots and 
developes heat, that stacks of damp hay, damp flour, straw, Ac., become 
heated and are changed in the process. 47 In all these transformations 
the same chief products of combustion are formed as those which are 
contained in smoke ; the carbon gives carbonic anhydride, and the 
hydrogen water. Hence these processes require oxygen just like com- 
bustion. This is the reason why the entire prevention of access of 

* Cotton waste (used in factories for cleaning machines from lubricating oil) soafeed 
Xtt oQ and lying in heaps is self -combustible, being oxidised by the air. 
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air binders these transformation*, 49 -and an increased supply of air 
accelerates them. The mechanical treatment of arable lands by the 
plough, harrow, and other similar means has not only the object of 
facilitating the spread of roots in the ground, and of making the soil 
more permeable to water, but it also serves to facilitate the access of 
the air to the component parts of the soil ; as a consequence of which 
the organic remains of soil rot— so to speak, breathe air and evolve 
carbonic anhydride. One acre of good garden land in the course of a 
summer evolves more then sixteen tons of carbonic anhydride. 

It is not only vegetable and anirr.ol substances which are subject to 
alow oxidation in the presence of water. Some metals even rust under 
these conditions. Copper very easily absorbs oxygen in the presence of 
acids. Many metallic sulphides (for example, pyrites) are very easily 
oxidised with access of air and moisture. Thus processes of slow 
oxidation proceed throughout nature. However, there are many ele- 
ments which do not under any circumstances combine directly with 
gaseous oxygen ; nevertheless their compounds with oxygen may be 
obtained. Platinum, gold, iridium, chlorine, and. iodine are examples 
of Such elements. In this case recourse is had to a so-called indirect 
method — i.e. the given substance is combined with another element, 
and by a method of double decomposition this element is replaced by 
oxygen. Substances which do not directly combine with oxygen, but 
form oompounds with it by an indirect method, often readily lose 
the oxygen which they had absorbed by double decomposition or 
at the moment of its evolution. Such, for example, are the com- 
pounds of oxygen with chlorine, nitrogen, and platinum, which evolve 
oxygen on heating — that is, they may be used as oxidising agents. In 
this respect oxidising agenie % or those oompounds of oxygen which are 
employed in chemical and technical practice for transferring oxygen 
to other substances, are especially remarkable. The most important 
among" these is nitric acid or aqua f of tie — a substance rich in oxygen, 
and capable of evolving it when heated, which easily oxidises a great 
number of substances. Thus nearly all metals and organic substances 
containing carbon and hydrogen are more or less oxidised when heated 

48 When it it desired to preserve a supply of vegetable and animal food, the access of 
the oxygen of the atmosphere (and also of the germs of organisms present in the air) is 
often prevented. With this object articles of food are often kept in hermetically closed 
vessels, from which the air has been withdrawn ; vegetables are dried and soldered up while 
hot in tin boxes ; sardines are immersed in oil, &c. The removal of water from substances 
Is also sometimes resorted to with the. same object (the drying of hay, corn, fruits), as also 
H saturation with substances which absorb oxygen (such as sulphurous anhydride), or 
which hinder the growth of organisms forming the first cause of putrefaction, as in 
processes of smoking, embalming, and in the keeping of fishes and other animal speci- 
mens in spirit, &c 
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with nitric acid. If strong nitrio acid be taken, and a piece of burning 
charcoal be immersed in the acid, it continues to burn. Chromic acid 
acts like nitric acid , alcohol burns when mixed with it. Although 
the action is not so marked, even water may oxidise with its oxygen. 
Sodium is not oxidised in perfectly dry oxygen at the ordinary tem- 
perature, but it burns very easily in water and aqueous vapour 
Charcoal can burn in carbonic anhydride — a product of combustion — 
forming carbonic oxide. Magnesium burns in the same gas, separating 
carbon from it. Speaking generally, combined oxygen can pass from 
one compound to another. 

The products of combustion or oxidation — and in general the definite 
compounds of oxygen — are termed oxides. Some oxides are not capable 
of combining with other oxides— or combine with only a few, and then 
with the evolution of very little heat ; others, on the contrary, enter 
into combination with very many other oxides, and in general have 
remarkable chemical energy. The oxides incapable of combining with 
others, or only showing this quality in a small degree, are termed 
indifferent oxides. Such are the peroxides, of which mention has before 
Jbeen made. 

The class of oxides capable of entering into mutual combination 
we will term saline oxides. They fall into two chief groups — at least, 
as regards the most extreme members. The members of one group 
combine with the members of the other group with particular ease. 
As representative of one group may be taken the oxides of the metals, 
magnesium, sodium, calcium, dec. Representatives of the other group 
are the oxides formed by the non-metals, sulphur, phosphorus, carbon. 
Thus, if we take the oxide of calcium, or lime, and bring it into 
contact with oxides of the second group, combination very readily 
ensues. For instance, if we mix calcium oxide with oxide of phos- 
phorus they combine with great facility and with the evolution of 
much heat. If we pass the vapour of sulphuric anhydride, obtained 
by the combination of sulphurous oxide with oxygen, over pieces of 
lime heated to redness, the sulphuric anhydride is absorbed by the 
lime with the formation of a substance called calcium sulphate. The 
oxides of the first kind, which contain metals, are termed basic oxides 
or bases. lime is a familiar example of this class. The oxides of the 
second group, which are capable of combining with the bases, are 
termed anhydrides of the acids or acid oxides. Sulphuric anhydride, 
S0 3 , may be taken as a type of the latter group. It is a compound 
of sulphur with oxygen formed not directly but by the addition of 
a fresh quantity of oxygen to sulphurous anhydride, S0 2 , by passing 
it together with oxygen over incandescent spongy platinum. Carbonic 
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anhydride (often termed carbonic acid *), CO„ phosphoric anhydride, 
sulphurous anhydride, are ail acid oxides, for they can combine with 
such oxides as lime or calcium oxide, magnesia or magnesium oxide, 
MgO, soda or sodium oxide. Na a O, Ao 

If a given element form but one basio oxide, it is termed the oxide ; 
fbr example, calcium oxide, magnesium oxide, potassium oxide 8ome> 
indifferent oxides are also called ' oxides * if they have not the properties 
of peroxides, and at the same time do not show the properties of add 
anhydrides — for example, carbonic oxide, of which mention has already 
been made. If an element forms two basic oxides (or two indifferent 
oxides not having the characteristics of a peroxide) then that of the 
lower degree of oxidation is called a suboxide — that is, suboxides contain 
less oxygen than oxides. Thus, when copper is heated to redness in a 
furnace it increases in weight and absorbs oxygen, until for 63 parts 
of copper there is absorbed not more than 8 parts of oxygen by weight, 
forming a red mass, which is suboxide of copper ; but if the roasting 
be prolonged, and the draught of air increased, 68 parts of copper 
absorb 16 parts of oxygen, and form black oxide of copper. Some- 
times to distinguish between the degrees of oxidation a change of 
suffix is made in the oxidised element, -ic oxide denoting the higher 
degree of oxidation, and -ous oxide the lower degree. Thus ferrous 
oxide and ferric oxide are the same as suboxide of iron and oxide of 
iron. If an element forms one anhydride only, then it is named by an* 
adjective formed from the name of the element made to end in -ic and 
the word anhydride. When an element forms two anhydrides, thea 
the suffixes -ous and -ic are used to distinguish them < -ous signify- 
ing less oxygen than -ic ; for example, sulphurous and sulphuric 
anhydrides. 49 When several oxides are formed from the same element* 
the prefixes mon t di, tri, tetra are used, thus : chlorine monoxide* 

*• It must be remarked that certain elements form oxides of all three kinds— £•» 
indifferent, basic, and acid ; for example, manganese forms manganous oxide, manganic 
oxide, peroxide of manganese, red oxide of manganese, and manganic anhydride, although 
same of them are not known in a free state but only in combination. The basic oxide* 
contain less oxygen than the peroxides, and the peroxides less than the acid anhydrides. 
Thus they must be placed in the following general normal order with respect to th» 
amount of oxygen entering into their composition — (1) basic oxides, suboxides, an$ 
oxides ; (2) peroxides ; (8) acid anhydrides. The majority of elements, however, do not 
give all three kinds of oxides, some giving only one degree of oxidation. It must further 
be remarked that there are oxides formed by the combination of acid anhydrides with 
basic oxides, or, in general, of oxides with oxides. For every oxide having a higher and 
a lower degree of oxidation, it might be said that the intermediate oxide was formed by 
the combination of the higher with the lower oxide. But this is not true in all cases-~ 
for instance, when the oxide under consideration forms a whole aeries of independent 
compounds— for oxides which are really formed by the combination of two other oxides 
do not give such independent compounds, but in many coses decompose into the higher 
sad lower oxides. 
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chlorine dioxide, chlorine trioxide, and chlorine tetroxide or chlorio 
anhydride. 

The oxides themselves rarely undergo chemical transformations, and 
in the few cases where they are subject to such changes a particularly 
important part is played by their combinations with water. The 
majority of, if not all, basic and acid oxides combine with water, either 
by a direct or an indirect method forming hydrates— that is, compounds 
which split up into water and an oxide of the same kind only. It 
Is well known that many substances are capable of combining with 
water. Oxides possess this property in the highest degree. We have 
already seen examples of this (Chapter I.) in the combination of lime, 
and of sulphuric and phosphoric anhydrides, with water. The resulting 
combinations are basic and acid "hydrates. Acid hydrates are called 
acids because they have an acid taste when dissolved in water (or 
saliva), for then only can they act on the palate. Vinegar, for example, 
has an acid taste because it contains acetic acid dissolved in water. 
Sulphuric acid, to which we have frequently referred, because it 
is the acid of the greatest importance both in practical chemistry and 
for its technical applications, is really a hydrate formed by the com* 
bination of sulphuric anhydride with water. Besides their acid taste, 
dissolved acids or acid hydrates have the property of changing the blue 
colour of certain vegetable dyes to red. Of these dyes litmus is 
particularly remarkable and much used. It is the blue substance ex- 
tracted from certain lichens, and -is used for dyeing tissues blue , it 
gives a blue infusion with water. This infusion, on the addition of an 
acid, changes from blue to red.* 

so Blotting or unsised paper, soaked in a eolation of litmus, le usually employed for 
detecting, the pretence of acids'. This paper is cut into strips, and is called test paper ; 
when dipped into add it immediately turns red. This Is a most sensitive reaction, and 
may be employed for testing for the smallest traces of acids. If 10,000 parts by weight 
of water be mixed with 1 part of sulphuric acid, the coloration is distinct, and it is 
even perceptible on the addition of ten times more water. Certain precautions must, 
however, be taken in the preparation of such very sensitive litmus paper. Litmus is 
sold in lumps. Take, say, 100 grams of it ; powder it, and add it to cold pure water in 
a flask ; shake and decant the water. Repeat this three times. This is done to wash 
away easily-soluble impurities, especially alkalis. Transfer the washed litmus (it is washed 
with absolute alcohol to remove the non-sensitive reddish colouring matter) to a flask, 
and pour in 600 cc. of water, heat, and allow the hot infusion to remain for some hours 
in a warm place. Then Alter, and divide the nitrate into two parts. Add a few drops of 
nitric acid to one portion, sO that a faint red tinge is obtained, and then mix the two 
portion* Add spirit to the mixture, and keep it in a stoppered bottle (it soon spoils 
if left open to the air). This infusion may be employed directly ; it reddens in the 
presence Of acids, and turns blue in the presence of alkalis. If evaporated r a solid mass 
is obtained which is soluble in water, and may be kept unchanged for any length of time. 
The test paper may be prepared as follows :— Take a strong infusion of litmus, and soak 
blotting-paper with it ; dry it, and cut it into strips, and use it as test-paper for acids. 
For the detection of alkalis, the paper must be soaked in a solution of litmus just red* 
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Basic oxides, in combining with water, form hydrates, of which, 
however, very few are soluble in water. Those which are soluble fat 
water have an alkaline taste like that of soap or of water in which 
wood ashes have been boiled, and are called alkalis. Further, alkalis 
have the property of restoring the bine colour to litmus which has been 
reddened by the action of acids. The hydrates of the oxides of sodium 
and potassium, NaHO and KHO, are examples of basic hydrates 
easily soluble in water. They are true alkalis, and are termed caustic, 
because they act very powerfully on the skin of animals and plants. 
Thus NaHO is called • caustic ' soda. 

The saline oxides are capable of combining together and with 
water. Water itself is an oxide, and not an indifferent one, for it can, 
as we have seen, combine with basic and acid oxides ; it is a represen- 
tative of a whole series of saline oxides, intermediate oxides, capable of 
combining with both basic and acid oxides. There are many such 
oxides, which, like water, combine with basic and acid anhydrides — for 
instance, the oxides of aluminium and tin, Ac. From this it may be 
concluded that all oxides might be placed, in respect to their capacity 
for combining with one another, in one uninterrupted series, at one 
extremity of which would stand those oxides which do not combine 
with the bases— that is, the alkalis— while at the other end would be 
the acid oxides, and in the interval those oxides which combine with 
one another and with both the acid and basic oxides. The further 
apart the members of this series are, the more stable are the compounds 
they form together, the more energetically do they act on each other, 
the greater the quantity of heat evolved in their reaction, and the 
more marked is their saline chemical character. 

We said above that basic and acid oxides combine together, but 
rarely react on each other ; this depends on the fact that* the majority 
of tbem are solids or gases —that is, they occur in the state least prone 

dened by a few drops of acid ; if too much acid be taken, the paper will not be sensitive. 
Such acids as sulphuric acid colour litmus, and especially its infusion, a brick-red colour, 
whilst more feeble acids, such as carbonic, give a faint red-wine tinge. Test-paper of a 
yellow colour is also employed ; it is dyed by an infusion of turmeric roots in spirit. In 
alkalis it turns brown, but regains its original hue in acids. Many blue and other vege- 
table colouring matters may be used for the detection of acids and alkalis ; for example, 
infusions of cochineal, violets, log- wood, &c. Certain artificially prepared substances and 
dyes may also be employed. Thus rosolic acid, C^HieOs and phenolphthaleln, C^oH^O* 
(it is used in an alcoholic solution, and is not suitable for the detection of ammonia), 
are colourless in an acid, and red in an alkaline, solution. Oyanine is also colourless in 
the presence of acids, and gives a blue coloration with alkalis. Methyl-orange (yellow 
in an aqueous solution) is not altered by alkalis but becomes pink with adds (weak 
acids have no action), &o. These are very sensitive tests. Their behaviour in respect to 
various acids, alkalis, and salts sometimes give tho means of distinguishing substeooee 
from each other. 
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to chemical reaction. The gaseo-elastic state is with difficulty destroyed, 
because it necessitates overcoming the elasticity proper to the gaseous 
particles. The solid state is characterised by the immobility of its 
particles ; whilst chemical action requires contact, and hence a dis- 
placement and mobility. If solid oxides be heated, and especially if 
they be melted, then reaction proceeds with great ease. But such a 
change of state rarely occurs in nature or in practice. Only in a few 
furnace processes is this the case. For example, in the manufacture of 
glass, the oxides contained in it combine together in a molten state. 
But when oxides combine with water, and especially when they form 
hydrates soluble in water, then the mobility of their particles increases 
to a considerable extent, and their reaction is greatly facilitated. Re- 
action then takes place at the ordinary temperature — easily and rapidly ; 
so that this kind of reaction belongs to the class of those which take 
place with unusual facility, and are, therefore, very often taken advan- 
tage of in practice, and also have been and are going on in nature at 
every step. We will iiow consider the reactions of oxides in the state 
of hydrates, not losing sight of the fact that water is itself an oxide 
with definite properties, and has, therefore, no little influence on the 
course of those changes in which it takes part. 

If we take a definite quantity of an acid, and add an infusion of 
litmus to it, it turns red ; the addition of an Alkaline solution does not 
immediately alter the red colour of the litmus, but on adding more and 
more of the alkaline solution a point is reached when the red colour 
changes to violet, and then the further addition of a fresh quantity of 
the alkaline solution changes the colour to blue. This change of the 
colour of the litmus is a consequence of the formation of a new com- 
pound. This reaction is termed the saturation or neutralisation of 
.the acid by the base, or vice versd. The solution in which the acid 
properties of the acid are saturated by the alkaline properties of the 
base is termed a neutral solution. Such a solution, although derived 
from the mixture of a base with an acid, does not exhibit either 
the acid or basic reaction on litmus, yet it preserves many other 
signs of the acid and alkali. It is observed that in such a definite 
admixture of an acid whh an alkali, besides the changes in the colour 
of litmus there is a heating effect — i.e. an evolution of heat — which is 
alone sufficient to prove that there was chemical action. And, indeed, 
if the resultant violet solution be evaporated, there separates out, not 
the acid or the alkali originally taken, but a substance which has 
neither acid nor alkaline properties, but is usually solid and crystal- 
line, having a saline appearance ; this is a salt in the chemical sense of 
the word. Hence a salt is derived from the reaction of an acid on 
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an alkali, in a certain definite proportion. The- water here taken for 
solution plays no other part than merely facilitating the progress of 
the reaction. This is seen from the fact that the anhydrides of the 
acids are able to combine with basic oxides, and give the same salts as 
do the acids with the alkalis or hydrates. Hence, a salt is a compound 
of definite quantities of an acid with an alkali In the latter reaction,' 
water is separated out if the substance formed be the same as is pro* 
duced by the combination of anhydrous oxides together. 51 Examples 
of the formation of salts from acids and bases are easily observed, and 
are very often applied in practice. If we take, for instance, insoluble 
magnesium oxide (magnesia) it is easily dissolved in sulphuric acid, and 
on evaporation gives a saline substance, bitter, like all the salts of mag- 
nesium, and familiar to all under the name of Epsom salts, used as a 
purgative. If a solution of caustic soda — which is obtained, as we saw, 
by the action of water on sodium oxide— be poured into a flask in which 
charcoal has been burnt ; or if carbonic anhydride} which is produced 
under so many circumstances, be passed through a solution of caustic 
soda, then sodium carbonate or soda, Na^CO,, is obtained, of which we 
have spoken several times, and which is prepared on a large scale and 
often used in manufactures. This reaction is expressed by the equation, 
2NaHO + CO,=Na ¥ C0 3 + H,0. Thus, the various bases and acids 
form an innumerable number of different salts. 03 Salts constitute an 

M That water really is separated in the reaction of acid on alkaline hydrates, may be 
shown by taking some other intermediate hydrate — for example, alumina — instead of 
water. Thus, if a solution of alumina in sulphuric acid be taken, it will hare, like the 
acid, an acid reaction, and will therefore colour litmus red. If, on the other hand, a 
solution of alumina in an alkali—say, potash—be taken, it -will hare an alkaline 
reaction, and will turn red litmus blue.. On adding the alkaline to the acid solution 
until neither an alkaline nor an acid reaction is produced, a salt is formed, consisting of 
sulphuric anhydride and potassium oxide. In this, as in the reaction of hydrates, an 
intermediate oxide is separated out — namely, alumina. Its separation will be very evident 
in this case, as alumina is insoluble in water. 

* The mutual interaction of hydrates, and their capacity of forming salts, may be 
taken advantage of for determining the character of those hydrates which are insoluble 
in water. Let us imagine that a given hydrate, whose chemical character is unknown, is 
insoluble in water. It is therefore impossible to test its reaction on litmus. It is then 
mixed with water, and an add— for instance, sulphuric acid — is added to the mixture. If 
the hydrate taken be basic, reaction will take place, either directly or by the aid of 
heat, with the formation of a salt In certain cases, the resultant salt is soluble in 
water, and this will at once show that combination has taken place between the in- 
soluble basic hydrate and the acid; with the formation of a soluble saline substance. In 
those cases where. the resultant salt is insoluble, still the water loses its acid reaction, 
and therefore it may be ascertained, by the addition of an acid, whether a given hydrate 
has a basic character, like the hydrates of oxide of copper, lead, &c. U the acid does 
not act on the given insoluble hydrate (at any temperature), then it has not a basic 
character, and it should be tested as to whether it has an acid character. This is done 
by taking an alkali, instead of the acid, and by observing whether the unknown hydrate 
then dissolves, or whether the alkaline reaction disappears. Thus it may be proved that 
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example of definite chemical compounds, and both in the history and 
practice of science are most often cited as confirming the conception of 
definite chemical compounds. Indeed, all the indications of a definite 
chemical combination are clearly seen in the formation and properties 
of salts. Thus, they are produced with a definite proportion of oxides, 
heat is evolved in their formation,* 3 and the chemical character of the 
oxides and many of the physical properties become hidden in their salts. 
For example, when gaseous carbonic anhydride combines with a base 

hydrate of silica is acid, because it dissolves in alkalis and not in acids. II it be a case 
of an insoluble intermediate hydrate, then it will be observed to react on both the acid 
and alkali Hydrate of alumina is an instance in question* which is soluble both in 
caustio potash and in sulphuric acid. 

The degree of affinity or chemical energy proper to oxides and their hydrates is very 
dissimilar ; some extreme members of the series possess it to a great extent. When 
acting on each other they evolve a large quantity of heat, and when acting on intermediate 
hydrates they also evolve heat to a considerable degree, as we saw in the combination 
of lime and sulphuric anhydride with water. When extreme oxides combine they form 
stable salts, which are decomposed with difficulty, and often show characteristic proper* 
ties. The compounds of the intermediate-oxides with each other, or even with basic 
and acid oxides, present a very different case. However much alumina we may dissolve 
in sulphuric acid, we cannot saturate the acid properties of the sulphuric acid, the 
resulting solution will always have an acid reaction. So also, whatever quantity of 
alumina is dissolved in an alkali, the resulting solution will always p re se nt an alkaline 
reaction. 

13 In order to give an idea of the quantity of heat evolved in the formation of salts 
I append a table of data for very dilute aqueout tolutions of acids and alkalis, accord* 
ing to the determinations of Berthelot and Thomson. The figures are given in majot 
calories — that'is, in thousands of units of heat. For example, 49 grams of sulphuric acio% 
HjSO^ taken in a dilute aqueous solution, when mixed with such an amount of a weak 
solution of caustic soda, NaHO, that a neutral salt is formed (when all the hydrogen of 
the acid is replaced by the sodium), evolves 15,800 units of heat 
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These figures cannot be considered as the heat of neutralisation, because the water 
here plays an important pari. Thus, for instance, sulphuric acid and caustio soda in 
dissolving in water evolve very much beat, and the resultant sodium sulphate very little ) 
consequently, the amount of heat evolved in an anhydrous combination will be different 
from that evolved in a hydretei combination. Those acids which are not energetio in 
combining with the same quantity of alkalis required for the formation of normal salt* 
of sulphuric or nitrio acids always, however, give less heat For instance, with caustio 
soda: carbonic acid gives 10 2, hydrocyanic, 9*9, hydrogen sulphide, 8*9 major calories. 
And as feeble bases (for example, Fe»Oj) also evolve less heat than those which are more 
p ow erfu l, so a certain general correlation between thermochemical data and the degree of 
affinity shows itself here, as in other cases (see Chapter II., Note 7) ; this does not, how- 
ever, give any reason for measuring the affinity which binds the elements of salts by tbe 
fees* of their formation in dilute solutions. This Is very clearly demonstrated by tife 
fast that water is able to decompose many salts, and Is separated in their formation. 
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r to form a solid salt, the elasticity of, the gat quite disappears to Its 
passage into the salt*? 

Judging from the above, a salt is a compound of basic and 
acid oxides, or the result of the action of hydrates of these classes on 
each other with separation of water. But salts may be obtained by 
other methods. It must not be forgotten that basic oxides are formed 
by metals, and acid oxides usually by non-metals. But metals and 
non-metals are capable of combining together, and a salt is frequently 
formed by the oxidation of such a compound. For example, iron very 
easily combines with sulphur, forming iron sulphide FeS (as we saw 
in the Introduction) ; this in air, and especially moist air, absorbs 
oxygen, with the formation of the same salt FeS0 4 , that may be obtained 
by the combination of the oxides of iron and sulphur, or of the hydrates 
of these oxides. Hence, it cannot be said or supposed that a salt has 
the properties of the oxides, or must necessarily contain two kinds 
of oxides in itself. The derivation of salts from oxides is merely one 
of the methods of their preparation. We saw, for instance, that in 
sulphuric acid it was possible to replace the hydrogen by zinc, and that 
by this means zinc sulphate was formed ; so .likowise the hydrogen 
in many other acids may be replaced by zinc, iron, potassium, sodium, 
and a whole series of similar metals, corresponding salts being 
obtained. The hydrogen of the acid, in all these cases, is exchanged 
for a metal, and a salt is obtained from the hydrate. Regarding a 
salt from this point of view, it may be said that a salt is an acid in 
which hydrogen u replaced by a metal. This definition shows that m 
salt and an acid are essentially compounds of the same series, with the 
difference that the latter contains hydrogen and the former a metal. 
Such a definition is more exact than the. first definition of salts, 
inasmuch as it likewise includes those acids which do not contain 
oxygen, and, as we shall afterwards learn, there is a series of such acids. 
Such elements as chlorine and bromine form compounds with hydrogen 
in which the hydrogen may be replaced by a metal, forming substances 
which, in their reactions and external characters, resemble the salts 
formed from oxides Table salt, NaCl, is an example of this. It may 

** Carbonic anhydride evolves heat tit dissolving in water. The solution easily <K«> 
■ociates and evolves carbonic anhydride, according to the law of Henry and Dalton (ate 
Chapter I.) In dissolving in caustic soda, it either gives a normal salt, Nft^COj, 
which does not evolve carbonic anhydride, or an acid salt, NaHCO s , which easily evolves 
carbonic anhydride when heated. The same gas, when dissolved in solutions of salts, acts 
In one or the other manner {see Chapter II., Note 88). Here it is seen what a successive 
series of relations exists between compounds of a different order, between substances, of 
different degrees of stability. By making a distinction between the phenomena of solu- 
tions and chemical compounds, we overlook those natural transitions which in reality 
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be obtained by the replacement of hydrogen in hydrochloric acid, HO, 
by the metal sodium, just as sulphate of sodium, Na s S0 4 , may be 
obtained by the replacement of hydrogen in sulphuric add, H2SO4, by 
sodium. The exterior appearance of the resulting products, their 
neutral reaction, and even their saline taste, show their resemblance 
to one another. 

To the fundamental properties of salts yet another must be added-* 
namely, that they are more or less decomposed by the action of a galvanic 
current. The results of this decomposition are very different according 
to whether the salt be taken in a fused or dissolved state. But the decom- 
position may generally be so represented, that the metal appears at the 
electro-negative pole or cathode (like hydrogen in the decomposition of 
water, or its mixture with sulphuric acid), and the remaining parts of 
the salt appear at the electro-positive pole or anode (where the oxygen of 
water appears). If, for instance, an electric current acts on an aqueous 
solution of sodium sulphate, then the sodium appears at the negative 
pole, and oxygen and the anhydride of sulphuric acid at the positive 
pole. But in the solution itself the result is different, for sodium, as 
we know, decomposes water with evolution of hydrogen, forming, 
caustic soda ; consequently hydrogen will be evolved, and caustic soda, 
appear at the negative pole : while, at the positive pole the sulphuric 
anhydride immediately combines with water and forms sulphuric acid, t 
and therefore oxygen will be evolved and sulphuric acid formed round 
this pole. 5 * In other cases, when the metal separated is not able to 
decompose water, it will be deposited in a free state. Thus, for example, 
in the decomposition of copper sulphate, copper separates out at the 
cathode, and oxygen and sulphuric acid appear at the anode, and if a 
copper plate be attached to the positive pole, then the oxygen evolved 
will oxidise the copper, and the oxide of copper will^dissolve and be 
deposited at the negative pole — that is, a transfer of copper from the 
positive to the negative pole ensues. The galvanoplastic art (electro- 
typing) is based on this principle. 46 Therefore the most radical and 
general properties of salts (including also such salts as table salt, which 

** This kind of decomposition may be easily observed by pooling a solution of sodium 
sulphate into a U-shaped tube and inserting electrodes in the two branches. If the solu- 
tion be coloured with an infusion of litmus, it will easily be seen that it turns blue at the 
cathode, owing to the formation of sodium hydroxide, and red at the electro- positive 
pole, from the formation of sulphuric acid. 

** In other cases the decomposition of salts by the electric current may be accom- 
panied by much more complex results. Thus, when the metal of the salt is capable of a 
higher degree of oxidation, such a higher oxide may be formed at the positive pole by 
(he oxygen which is evolved there. This takes place, for instance, in the decomposition 
of salts of silver and manganese by the galvanic current, peroxides of these metals 
being formed. Thus in the electrolysis of a solution of KC1, KCIO3 is formed, and of 
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contain no oxygen) may be expressed by representing the salt at 
composed of a metal M and a haloid X — that is, by expressing the salt 
by MX. In common table salt the metal is sodium, and the haloid an 
elementary body, chlorine. In sodium sulphate, Na,S0 4 , sodium is 
again the metal, but the complex group, 30^ is the haloid. In sulphate 
of copper, CuS0 4 , the metal is copper and the haloid the same as in 
the preceding salt Such a representation of salts expresses with great 
simplicity the capacity of every salt to enter into saline double decompo- 
sitions with other salts; consisting in the mutual replacement of the 
metals in the salts. This exchange of their metals is the funda- 
mental property of salts. In the case of two salts with different metals 
and haloids, which are in solution or fusion, or in any other manner 
brought into contact, the metals of these salts will always partially 
or wholly exchange places. If we designate one salt by MX, and the 
other by NY, then we either partially or wholly obtain from them new 
salts, MY and NX. Thus we saw in the Introduction, that on mixing 
solutions of table salt, NaCl, and silver nitrate, AgNO a , a white 
insoluble precipitate of silver chloride, AgCl, is formed and a new salt, 
sodium nitrate, NaN0 3 , is obtained in solution. If the metals of salts 
exchange places in reactions of double decomposition, it is clear that 
metals themselves, taken in a separate state, are able to act on salts, as 
sine- evolves hydrogen from acids, and as iron separates copper from 
copper sulphate. When, to what extent, and which metals displace 
each other, and how the metals are distributed between the haloids, 
will be discussed in Chapter X., where we shall be guided by those 
reflections and deductions which Berthollet introduced into the science 
at the beginning of this century. 

According to the above observations, an acid is nothing more than 
a salt of hydrogen. Water itself may be looked on as a salt in which 
the hydrogen is combined with either oxygen or the aqueous radicle, 
OH ; water will then be HOH, and alkalis or basic hydrates, MOIL 
The group OH, or the aqueous radicle, otherwise called hydroxy^ may 
be looked on as a haloid like the chlorine in table salt, not only because 
the element CI and the group OH very often change places, and com- 
bine with one and the same element, but also because free chlorine is 
very similar in many properties and reactions to peroxide of hydrogen, 
which is the same in composition as the aqueous radicle, as we shall 
afterwards see in Chapter IV Alkalis and basic hydrates are also 

eulphurio acid (corresponding to 80s) persulphnrio acid, corresponding to S a 7 . But all 
the phenomena as yet known may be expressed by the above law — that the current 
decomposes salts into metals, which appear at the negative pole, and into the remaining 
•proponent parts, which appear at the positive pole. 
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salt* consisting of a metal and hydroxyl— for instance, caustic soda, 
NaOH ; this is therefore termed sodium hydroxide. According to this 
view, acid salts are those in which a portion only of the hydrogen is 
replaced by a metal, and a portion of the hydrogen of the acid remains. 
Thus sulphuric acid (H 2 S0 4 ) not only gives the normal salt Na a S0 4 , 
with sodium, but also an acid salt, NaHS0 4 . A basic salt is one in 
which the metal is combined not only with the haloids of acids, but 
also with the aqueous radicle of basic hydrates — for example, bismuth 
gives not only a normal salt of nitric acid, fii(N0 3 ) 3 , but also basic 
salts like Bi(OH),(N0 8 ). 

As- basic and acid salts of the oxygen acids contain hydrogen and 
oxygen, they are able to part with these as water and to give anhydro- 
salts, which it is evident will be compounds of normal salts with 
anhydrides of the acids or with bases. Thus the above-mentioned acid 
sodium sulphate corresponds with the anhydro-salt, Na 2 S 2 7 , equal to 
2NaHS0 4 , less H 2 0. The loss of water is here, and frequently in 
other cases, brought about by heat alone, and therefore such salts are 
frequently termed pyro-salts—tor instance, the preceding is sodium 
pyrosulphate (Na,S 2 7 ), or it may be regarded as the normal salt 
Na a S0 4 + sulphuric anhydride, SO s . Double salts are those which 
contain either two metals, KA1(S0 4 ) S , or two haloids. 57 

67 The above-enunciated generalisation of the conception of salts as compounds of 
the metals (simple, or compound like ammonium, NHJ, with the haloids (simple, like 
chlorine, or compound, like cyanogen, CN, or the radicle of sulphuric acid, SO«), capable 
.of entering into double saline decomposition, which is in accordance with the general 
data respecting salts, was only formed little by little after a succession of most varied 
propositions as to the chemical structure of salts. 

Salts belong to the class of substances which have been known since very early times, 
and have long been investigated in many directions. At first, however, no distinction 
was made between salts, acids, and bases. Glauber prepared many artificial salts during 
the latter half of the seventeenth century. Up to that time the' majority of salts were 
obtained from natural sources, and that salt which we have referred to several times— 
namely, sodium sulphate — was named Glauber's salt after this chemist RoueHe dis- 
tinguished normal, acid, and basic salts, and showed their action on vegetabte dyes, still 
he confounded many salts with acids (even now every acid salt ought to be regarded as 
an add, because it contains hydrogen, which may be replaced by metals — that is, it is 
thejiydrogen of an acid). Baume* disputed Rouelle's opinion concerning the subdivision 
of salts, contending that normal salts only are true salts, and that basic salts are simple 
mixtures of norfilal salts with bases and acid salts with acids, considering that washing 
alone could remove the base or acid from them. RoueHe, in the middle of the last cen* 
lory, however, rendered a great service to the study of salts and the diffusion of know- 
ledge respecting this class of compounds in his attractive lectures. He, like the majority 
of the chemists of that period, did not employ the balance in his researches, but satisfied 
himself with purely qualitative data. The first quantitative researches on salts were 
carried on about this time by Wenzel, who was the director of the Freiburg mines, in 
Saxony. Wensel studied the double decomposition of salts, and observed that in the 
double decomposition of neutral salts a neutral salt was always obtained. He proved, 
by a method of weighing, that this is due to the fact that the saturation of .a given 
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Inasmuch as oxygen compounds predominate in nature, it should be" 
expected from what has been said above, that salts, rather than acid* 

quantity of a base requires such relative quantities of different adds aa are capable of 
saturating every other base. Having taken two neutral salts— for example, sodiom sul» 
phate and calcium nitrate— let us mix their solutions together. Double deconjpositioo 
takes place, because calcium sulphate is formed, which is almost insoluble. However 
much we might add of each of the salts, the neutral reaction will still be preserved, 
consequently the ueutral character of the salts is not destroyed by the interchange ot 
metals ; that is to say, that quantity of sulphuric acid which saturated the sodium Is 
sufficient for the saturation of the calcium, and that amount of nitric acid which seta» 
rated the calcium is enough to saturate the sodium contained in combination with 
sulphuric acid iu sodium sulphate. Wenzel was even convinced that matter does not 
disappear iu nature, and on this principle he corrects, in his Doctrine of Affinity, the 
results of his experiments when he found that he obtained less than he had origU 
nelly taken. Although Wenzel deduced the law of the double decomposition of salt* 
quite correctly, he did not determine those quantities in which acids and bases act oa 
each other. This was carried out at the end of the last century by Richter. He deter- 
mined the quantities by weight of the bases which saturate acids and of the acids which 
saturate bases, and obtained comparatively correct results, although his conclusions 
were not correct, for he states that the quantity of a base saturating a given acid varies 
in arithmetical progression, and the quantity of an acid saturating a given base in geo- 
metrical progression. Riohter studied the deposition of metals from their salts by other 
metals, and observed that the neutral reaction of the solution is not destroyed by this 
exchange. He also determined the quantities by weight of the metals replacing one 
another in salts. He showed that copper displaces silver from Its salt, and that sine 
displaces copper and a whole series of other metals. Those quantities of metals whicji 
were capable of replacing one another were termed equivalents. 

Richter's teaching found no followers, because, although he fully believed in the dis- 
coveries of Lavoisier, yet he still held to the phlogistio reasonings which rendered his 
expositions very obscure. The works of the Swedish savant Berselius freed the facte 
discovered by Wensel and Richter from the obscurity of former conceptions, and led to 
their being explained in accordance with Lavoisier's views, and in the sense .of the law 
of multiple proportions which had already been discovered by Dalton. On applying to 
salts those conclusions which Berselius arrived at by a whole aeries of researches of 
remarkable accuracy, we arrive at the following law of equivalents— one part by weight 
of hydrogen in an acid is replaced by the corresponding equivalent weight of any 
metal ; and, therefore, when metals replace each other their weights are in the same 
ratio as their equivalents. Thus, for instance, one part by weight of hydrogen is replaced. 
by 28 parts of sodium, 89 parts of potassium, 13 parts of magnesium, 20 parts of cal- 
cium, 28 parts of iron, 108 parts of silver, 83 parts of sine, &c. ; and, therefore, if tino 
replaces silver, then 88 parts of zinc will take the place of 108 parts of silver, or 88 parte 
of zinc will be substituted by 28 parts of sodium, &c. 

The doctrine of equivalents would be precise and simple did every metal only give 
one oxide or one salt. It is rendered complicated from the fact that many metals form 
several oxides, and consequently offer different equivalents in their different degrees of 
oxidation. For example, there are oxides containing iron in which its equivalent is 
28— this is in the salts formed by the suboxide; and there is another series of salts 
in which the equivalent of iron equals 18§ — which contain less iron, and consequently 
more oxygen, and correspond with a higher degree of oxidation — ferric oxide. It is true 
that the former salts are easily formed by the direct action of metallic iron on acids, and 
the latter only by a further oxidation of the compound formed already ; but this is not 
always so. In the case of copper, mercury, and tin, under different circumstances, salts 
axe formed which correspond with different degrees of oxidation of these metals, and 
many metals have two equivalents in their different salts— that is, in salts corresponding 
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t>r bases, would occur most frequently in nature, for these latter would 
always tend to combine forming salts, especially through the medium 

with the different degrees of oxidation. Thus it is impossible to endow every metal with 
one definite equivalent weight. Hence the conception of equivalents, while playing 
an important part from an historical point of view, appears, with a fuller study of 
chemistry, to be but subordinate to a higher conception, with which we shall afterwards 
become acquainted. 

The fate of the theoretical views of chemistry was for a long time bound up with 
the history of salts. The clearest representation of this subject dates back to Lavoisier, 
and was systematically developed by Berzelius. This representation is called the binary 
theory. Ail compounds, and especially salts, are represented as consisting of two porta. 
Salts are represented as compounds of a basic oxide (a base) and an acid (that is, an 
anhydride of an acid, then termed an acid),, whilst hydrates are represented as com* 
pounds of anhydrous oxides with water. Such an expression was employed not only to 
denote the most usual method of formation of these substances (where it would be quite 
true), but also to express that internal distribution- of the elements by which it was 
proposed to explain all the properties of these substances. Copper sulphate was sup* 
posed to contain two most intimate component Darts— copper oxide and sulphuric anhy- 
dride. This is an hypothesis. It arose from the so-called electro-chemical hypothetic, 
which supposed the two component parts to be held in mutual union, because one com- 
ponent (the anhydride of the acid) has electro- negative properties, and the other (the 
base in salts) electro-positive. The two parts are attracted together, like substances 
having opposite electrical oharges. But as the decomposition of salts in a state of fusion 
by an electric current always gives a metal, that representation of the constitution 
and decomposition of salts called the hydrogen theory of acids is nearer the truth than 
that which considers salts as made up of a base and an anhydride of an acid. But the 
hydrogen theory of acids is also a binary .hypothesis, and does not contradict the 
electro-chemical hypothesis, but is rather a modification of it. The binary theory dates 
from Rouelle and Lavoisier, the electro-chemical aspect was zealously developed by 
Berzelius, and the hydrogen theory of acids is due to Davy and Liebig. 

These hypothetical views simplified and generalised the study of a complicated 
subject, and served to support further .arguments, but when salts were in question it 
was equally convenient to follow one or the other of these hypotheses. But these 
theories were brought to bear on all other substances, on all compound substances. 
Those holding the binary and electro-chemical hypotheses searched for two anti-polar 
component parts, and endeavoured to express the process of chemical reactions by electro- 
chemical and similar differences. If zinc replaces hydrogen, they concluded that it is 
more electro-positive than hydrogen, whilst they forgot that hydrogen may, under different 
circumstances, displace zinc^Sor instance, at a red heat. Chlorine and oxygen were con- 
sidered as being of opposite polarity to hydrogen because they easily combine with it, 
nevertheless both are capable of replacing hydrogen, and, what is very character- 
istic, in the replacement of hydrogen by chloriue in carbon compounds not only does the 
chemical character often remain unaltered, but even the external form may remain 
unchanged, as Laurout and Dumas demonstrated. These considerations undermine the 
binary, and more especially the electro-chemical theory An explanation of known 
reactions then began to be sought for not tu the difference of the polarity of the different 
substances, but in the joint influences of all the elements on the properties of the com- 
pound formed. This is the reverse of the preceding hypothesis. 

This reversal was not, however, limited to the destruction of the tottering foundations 
of the preceding theory ; it proposed a new doctrine, and laid the foundation for the 
modern course of our science. This doctrine may be termed the unitary theory — that is, 
it strictly acknowledges the joint influences of the elements in a compound substance, 
denies the existence of separate and contrary components in them, regards copper 
•ujphate, for instance, as a strictly definite compound of copper, sulphur, and oxygeu ; 
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of the all-pervading water. And, as a matter of fact, salts are found; 
everywhere in nature. They occur in animals and plants, although in but. 
small quantity, because, as forming the last stage of chemical reaction,* 
they are capable of only a few chemical transformations. And organisms* 
are bodies in which a series of uninterrupted, varied, and active 
chemical transformations proceed, whilst salts, which only enter into 
double decompositions between each other, are little prone to sucfi 
changes. But organisms always contain salts. Thus, for instance, 
bones contain calcium phosphate, the juice of grapes potassium tartrate 
(cream of tartar), certain lichens calcium oxalate, and the shells of 
moUusca calcium carbonate, &c As regards water and soil, portions 
of the earth in which the chemical processes are less active, they are 
full of salts. Thus the waters of the oceans, and all others (Chap. I.), 
abound in salts, and in the soil, in the rocks of the earth's crust, in the 
upheaved lavas, and in the falling meteorites the salts of silicic acid, 
and especially its double salts, predominate. Saline substances also 
make up the composition of those limestones which often form mountain 
chains and whole thicknesses of the earth's strata, these consisting of 
calcium carbonate, CaCOj. 

Thus we have seen oxygen in a free state and in various compounds 
of different degrees of stability, from the unstable salts, like Berthol- 
let's salt and nitre, to the most stable silicon compounds, such as exist 
in granite. We saw an entirely similar gradation of stability in the 
compounds of water and of hydrogen In all its aspects oxygen, as an 
element, or single substance, remains the same however varied its 
chemical states, just as a substance may appear in many different 
physical states of aggregation. But our notion of the immense variety 
of the chemical states in which oxygen can occur would not be corn- 
then seeks for compound* which are analogous in their properties, and, placing them sids 
by side, endeavours to express the influence of each element in determining the united 
properties of its compound. In the majority of cases it arrives at conclusions similar to 
those which are obtained by the above-mentioned hypotheses, but in certain special oases 
the conclusions of the unitary theory are in entire opposition to those of the binary theory 
and its corollaries. Cases of this kind are most often met with in the consideration of 
compounds of a more complex nature than salts, especially organic compounds containing 
hydrogen But it is not in this change from an artificial to a natural system, impor- 
tant as it is, that the chief service and strength of the unitary doctrine lies. By a simple 
review of the vast store of data regarding the reactions of typical substances, it succeeded 
from its first appearance in establishing a new and important law, it introduced a new 
conception into science— namely, the conception of molecules, with which we shall soon 
become acquainted The deduction of the law and of the conception of molecules has 
been verified by facts in a number of cases, and was the cause of the .majority of chemists 
of our times deserting the binary theory and accepting the unitary theory, which forms 
tho basis of the present work Laurent and Gerhardt must be considered as the founders 
of this doctrine 
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pletely understood if we did not make ourselves acquainted with it in 
the form in which it occurs in ozone and peroxide of hydrogen. In these 
it is most active, its energy seems to have inoreased. They illustrate 
fresh aspects of chemioal correlations, and the variety of the forms in 
which matter can appear stand out dearly. We will therefore consider 
these two substances somewhat in detail. 
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CHAPTER IV 

O20KB AND HYDROGEN PEROXIDE— DALT0N*8 LAW 

Va9 Mabum, during the last century, observed that oxygen in a gloat 
tubes when subjected to the action of a series of electric sparks, acquired 
a peculiar smell, and the property of combining with mercury at the 
ordinary temperature. This was afterwards confirmed by a number of 
fresh experiments. Even in the simple revolution of an electrical 
machine, when electricity diffuses into the air or passes through it, the 
peculiar and characteristic smell of ozone, proceeding from the action 
of the electricity on the oxygen of the atmosphere, is recognised. In 
1840 Prof. Schonbein, of Basle, turned his attention to this odori- 
ferous substance, and showed that it is also formed, with the 
oxygen evolved at the positive pole, in the decomposition of water 
by the action of a galvanic current ; in the oxidation of phosphorus 
in damp air, and also in the oxidation of a number of substances, 
although it is distinguished for its instability and capacity for oxidis- 
ing other substances. The. characteristic smell of this substance gave 
it its name, from the Greek 6fa <I emit an odour. 1 Schonbein 
pointed out that ozone is capable of oxidising many substances 
on which oxygen does not act at the ordinary temperature. It 
will be sufficient to point out for instance that it oxidises silver, mer- 
cury, charcoal, and iron with great energy at the ordinary temperature. 
It might be thought that ozone was some new compound substance, as 
it was at first supposed to be ; but careful observations made in this 
direction have long led to the conclusion that ozone is nothing but 
oxygen altered in its properties. This is most strikingly proved by the 
complete transformation of oxygen containing ozone into ordinary 
oxygen when it is passed through a tube heated to 250°. Further, at 
a low temperature pure oxygen gives ozone when electric sparks are 
passed through it (Marignac and De la Rive). Hence, it is proved both 
by synthesis and analysis that ozone is that same oxygen with which we 
are already acquainted, only endowed with particular properties and in 
a particular state. However, by whatever method it be obtained, the 
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amount of it contained in the oxygen is inconsiderable, generally only a 
lew fractions per cent., rarely 2 per cent., and only under very propiti- 
ous circumstances as much as 20 per cent. The reason of this must be 
looked for first in the fact that ozone in Us formation from oxygen 
absorbs heat. If any substance be burnt in a calorimeter at the expense 
of ozonised oxygen, then more heat is evolved than when it is burnt in 
ordinary oxygen, «nd Berthelot showed that this difference is very 
large — namely, 29,600 heat units correspond with every forty-eight 
parts by weight of ozone. This signifies that the transformation of 
forty-eight parts of oxygen into ozone is accompanied by the absorp- 
tion of this quantity of heat, and that the reverse process evolves this 
quantity of heat Therefore the passage of ozone into oxygen should 
take place easily and fully (as an exothermal reaction), like combustion , 
and this is proved by the fact that at 250° ozone entirely disappears, 
forming oxygen. Any rise of temperature may thus bring about the 
breaking up of ozone, and as a rise of temperature takes place in the 
action of an electrical discharge, there are in an electrio discharge the 
conditions both for the preparation of ozone and for its destruction* 
Hence it is clear that the transformation of oxygen into ozone as a 
reversible reaction has a limit when a state of equilibrium is' arrived at 
between the products of the two opposite reactions, that the phenomena 
of this transformation accord with the phenomena of dissociation, and 
that a fall of temperature should aid the formation of a large quantity 
of ozone. 1 Further, it is evident, from what has been said, that the 
best way of preparing ozone is not by electric sparks, 9 which raise the 
temperature, but by the employment of a continual discharge or flow 
of electricity— that is, by the action of a silent discharge} For this 

1 This conclusion, deduced by me as far back as 1878 {Moniteur Sctentifique) by 
conceiving the molecules of ozone (see later) as more complex than those of oxygen, and 
osone as containing a greater quantity of heat than oxygen, has been proved experi- 
mentally by the researches of Mailfert (1880)* who showed that the passage of a silent 
discharge through a litre of oxygen at 0° may form up to 14 milligrams of ozone, and at 
—80° up to 60 milligrams ; but best of all in the determinations of Chappuis and Haute* 
feuille (1880), who found that at a temperature of -26° a silent discharge converted 90 
pje. of oxygen into ozone, whilst at 80° it was impossible to obtain more than 12 p.c. and 
at 100° less than 2 p.c of osone was obtained. 

* A series of electrio sparks may be obtained by an ordinary electrical machine, 
the electrophorons machines of Holts and Teplofl, Ac, Leyden jars, Ruhmkorff coils, or 
similar means, when the- opposite electricities are able to accumulate at the terminals 
of ^conductors, and a discharge of sufficient electrical intensity passes through the non- 
conductors air or oxygen. 

9 A silent discharge is such a combination of opposite statical (potential) electricities 
M takes place (generally between large surfaces) regularly, without sparks, slowly, and 
quietly (as in the dispersion of .electricity). The discharge is only luminous in the dark ; 
there is no observable rise of temperature, and therefore a larger amount of osone it 
formed. But, nevertheless, on continuing the paasage of a silent discharge through 

•10 
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reason all ozoniser* (which are of most varied construction), or forms of 
apparatus for the preparation of ozone from oxygen' (or air) by the 
action of electricity, now usually consist of sheets of metal— for In* 
stance, tinfoil— or a solution of sulphuric acid mixed with chromic avoid, 
<tc. separated by thin glass surfaces placed, at short distances from each 
other, and between which the oxygen or air to be ozonised is introduced 
and subjected to the action of a- silent discharge. 4 Thus in Siemens* 
apparatus (fig. 37) the exterior of the tube a an5 the interior of the 







FlO. 17.— Siemens* apparatus for preparing oxobe by meant ot a silent discharge. 

'tube b e are coated with tinfoil and connected with the poles of a source 
of electricity (with the terminals of a RuhmkorfPs coil). A silent dis- 
charge passes through the thin walls of the glass cylinders a and b o 

ozone it is destroyed. For the Action to be observable a large surface is necessary, an& 
consequently a source of electricity at a high potential. For thJs reason the silent dis- 
charge is best produced by a Ruhmkorff coil, as the most convenient means of obtaining 
a considerable potential of statical electricity, with the employment of the comparatively 
feeble current of a galvanic battery. 

* v. Babo't apparatus was one of the first constructed for ozonising oxygen by means 
of a silent discharge (and it is still one ot the best). It is composed of a number (twenty 
and more) of long, thin capillary glass tubes closed at one end. A platinum wire, ex- 
tending along their whole length, is introduced into the other end of each tuber, and this 
end is then fused up round the wire, the end of which protrudes outside the tube. 
The protruding ends of the wires are arranged alternately in two sides in such a manner 
that on one side there are ten closed ends and ten wires. A bunch of suoh tubes (forty 
should make a bunch of not moTe than 1 cm. diameter) is placed in a glass tube, and 
the ends of the wires are connected with two conductors! and are fused to the ends of the 
surrounding tube. The discharge of a Ruhmkorff coil is passed through these ends of 
the wires, and the dry air or oxygen to be ozonised is passed through the tube. If 
oxygen be passed through, ozone is obtained in large quantities, and fBee from oxides of 
nitrogen, which are partially formed when sir is acted on. At low temperatures osone it 
formed in large quantities. As oxone acts on corks and india-nrbber, the apparatus 
should be made entirely of glass. With a powerful Ruhmkorff coil and forty tubes the 
osonation is so powerful that the gi# when passed through a. solution of iodide of potas* 
slum not only sets the Jodino free, "but even oxidises it to potassium iodate, so that it 
In* minutes the gos-conduoting tubfris choked up with crystals of the insoluble lodst* 
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over all their surfaces, and consequently, if oxygen be passed through 
the apparatus by the tube. d t fused into the aide of a, it will be ozonised 
in the annular space between a and 6 c. The ozonised oxygen escapea 
by the tube 0, and inay he introduced into any other apparatus.* 

#%s properties of ozone obtained by such a method 6 distinguish it 
ixx many respects from oxygen. Ozone very rapidly .decolorises indigo, 
litmus, and many other dyes by oxidising them* Silver is oxidised by 
it at the ordinary temperature, whilst oxygen Js not able to oxidise 
silver even at high temperatures ; a bright silver plate rapidly turns 
black (from oxidation) in ozonised oxygen. It is rapidly absorbed by 
mercury, forming oxide ; it transforms the lower oxides into .'higher — 
for instance, sulphurous anhydride into sulphuric, nitrous oxide into 
nitric, arsenious anhydride (AsjO,) into arsenio anhydride (As a O a ) &c. T 
But what is especially characteristic in ozone is the decomposing action 

* In order to connect the ozoniser with, any other apparatus it is impossible to make 
nse of india-rubber, mercury, or cements, &c, because they are themselves acted on by, 
and act on, ozone. AIT connections most, as was first proposed by Brodie, be hermetically 
closed by sulphuric acid, which is not acted on by ozone. Thus, a cork is passed over 
the vertical end of a>tube, over which a wide tube passes so that the end of the first tube 
protrudes above the cork y mercury is first poured over the cork (to prevent its being 
acted on by the sulphurio acid), and then sulphurio add is poured over the mercury* 
The protruding end of the first tube is covered by the lower end of a third tube immersed 
'in the sulphuric acid. 

• The method above described is the only one which has been well investigated. The* 
admixture of nitrogen, or even of hydrogen, and especially of silicon fluoride, appears to> 
Aid the formation and preservation of ozone. Amongst other methods for preparing; 
osone we may mention the following :— I. In the action of oxygen on phosphorus at the 
ordinary temperature a portion of the oxygen is oonverted into osone. At the ordinary 
temperature a stick of phosphorus, partially immersed in water and partially in air In a 
large glass vessel, causes the air to acquire the odour of osone. It -must further be 
remarked that if the air be left for long in contact with the phosphorus, or without the 
presence of water, the osone formed is destroyed by the phosphorus. & By the action 
of sulphuric acid on peroxide of barium. If the latter be covered with strong sulphuric 
acid (the acid, if diluted with only one-tenth of water, does not give osone), then at a low 
temperature the oxygen evolved caataina osone, and in much, greater quantities than 
in that osone is obtained by the action of electrio sparks or phosphorus, 9. prone may 
also be obtained by decomposing, strong sulphurio acid by potassium mangapate es- 
pecially with the addition oC barium peroxide. 

Ozone takes up the hydrogen from hydrochloric acid; chlorine is liberated, and cut 
dissolve gold. Iodine is directly oxidised by osone, but not by oxygen. Ammonia, NHj, 
is oxidised by ozone into ammonium nitrite (and. nitrste), aNHj+Oj^NH^NOa+HjO, 
and therefore a drop of ammonia, on falling into the gas, gives a thick .cloud of 
the salts formed. Osone converts lead oxide into peroxide, and suboxide of thallium 
(which is colourless) into oxide (which is brown), so that this reaction is made use of for 
detecting the presence of osone. Lead sulphide, PbS (black), is oonverted into sul- 
phate, PbS0 4 (colourless), by ozone. A neutral solution of manganese sulphate gives * 
precipitate of manganese peroxide, and an acid solution may be oxidised into perman* 
ganio acid, HMn0 4 . With respect to the- oxidising action of osone on organic? sub- 
stances, it may be mentioned that with ether, C 4 Hi O, osone gives ethyl peroxide, which 
is capable of decomposing with explosion (according to Berthelot), and is decomposed by 
water into alcohol, 8C 2 H«0, and hydrogen peroxide, HgOg. 



Digitized by 



Google 




202 PRINCIPLES OP CHEMISTRY 

it exerts on potassium iodide, Oxygen does not act on it, bat oxonel 
passed into a solution of potassium iodide liberates iodine, whilst th* 
potassium is obtained as caustio potash, which remains in solution, 
2KI+H a O+Oss2KHO+Ij. As the presenoe of minute traces of free 
iodine may be discovered by means of starch paste, with which it form* 
a very dark blue-coloured substance, a mixture of potassium iodide wiUk 
starch paste will detect the presence of very small traces of ozone. 01 
Ozone is destroyed or converted into ordinary oxygen not only by heat*, 
but also by long keeping, especially in the presence of alkalis, peroxide 
of manganese, chlorine, Ao. 

Hence ozone, although it has the same composition as oxygen, differs 
from it in stability, and by the fact that it oxidises a numbor of sub- 
stances very energetically at the ordinary temperature. In this respect 
ozone resembles the oxygen of certain unstable compounds, or oxygen 
at the moment of its liberation. 8 **• 

In ordinary oxygen and ozone we see an example of one and the 
same substance, in this case an element, appearing in two states. This 
indicates that the properties of a substance, and even of an element, 
may vary without its composition varying. Very many such cases 
are known. Such cases of a chemical transformation which determine 
a difference in the properties of one and the same element are termed 

* This reaction is the one usually made use of for detecting the presenoe of ozone. 
In the majority of cases paper is soaked in eolations of potassium iodide and starch. 
Such oMonometrical or iodised starch-paper whext damp turns blue in the presence of 
osone, and the tint obtained varies considerably, according to the length of time it is 
exposed and to the amount of ozone present The amount of osone in a given gas may 
even to a certain degree be judged by the shade of colour acquired by the paper, if pre- 
liminary tests be made. 

Test-paper for osone is prepared in the following manner :— One gram of neutral 
potassium iodide is dissolved in 100 grams of distilled water ; 10 grams of starch are 
then shaken up in the solution, and the mixture is boiled until the starch is converted 
into a jelly. This jelly is then smeared over blotting-paper and left to dry. It must 
always be remembered, however, that the colour of iodised starch paper is changed not 
only by the action of ozone, but of many other ozidisers ; for example, by the oxides of 
nitrogen (especially N 9 0$) and hydrogen peroxide. Houzeau proposed soaking common 
litmus-paper with a solution of potassium iodide, which in the presence of iodine would 
turn blue, owing to the formation of KHO. In order to determine if the blue colour is 
not produced by an alkali (ammonia) in the gas, a portion of the paper is not soaked in 
the potassium iodide, but moistened with water; this portion will then also turn blue if 
ammonia be present A reagent for distinguishing ozone from hydrogen peroxide with 
certainty is not known, and therefore these substances in very small quantities (for in- 
stance, in the atmosphere) may easily be confounded. Until recent years the mistake 
has frequently been made of ascribing the alteration of iodised starch-paper in the air 
to the presence of ozone j at the present time there is reason to believe that it is most 
often due to the presence of nitrous acid (Dorrs, 1889). 

8 M* Fluorine (Chap. XL), acting upon water at .the ordinary temperature, tskes up 
the hydrogen, and evolves the oxygen In the form of osone (Moissan,188?),'and therefore 
the reaction must be expressed thus :— 8H*0 -F 8Fg • Slti? ♦ Op 
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cases of isomerism. The cause of isomerism evidently lies deep within 
the essential conditions of a substance, and its investigation has already 
led to a number of results of unexpected importance and of immense 
scientific significance. It is easy to understand the difference between 
substances containing different elements or the same elements in 
different proportions. That a difference should exist in these cases 
necessarily follows, if, as our knowledge compels us, we admit that 
there is a radical difference in the simple bodies or elements. But 
when the composition — i.e. the quality and quantity — of the elements 
in two substances is the same and yet their properties are different, 
then it becomes clear that the conceptions of diverse elements and of the 
varying composition of compounds, alone, are insufficient for the expres- 
sion of all the diversity of properties of matter in nature. Something 
else, still more profound and internal than the composition of sub- 
stances, must, judging from isomerism, determine the properties and 
transformation of substances. 

On what are the isomerism of ozone and oxygen, and the peculiari- 
ties of ozone, dependent f In what, besides the extra store of energy, 
which is one of the peculiarities of ozone, resides the cause of its 
difference from oxygen f These questions for long occupied the mind* 
of investigators, and were the motive for the most varied, exact, and 
accurate researches, which were chiefly directed to the study of the 
volumetric relations exhibited by ozone. In order to acquaint the 
reader with the previous researches of this kind, I cite the following 
from a memoir by Soret, in the • Transactions of the French Academy of 
Sciences ' for 1866 

Our present knowledge of the volumetric relations of ozone may be 
expressed in the following manner 

1. "Ordinary oxygen in changing into ozone under the action of 
electricity shows a diminution in volume." This was discovered by 
Andrews and Tait 

• 2. "In acting on ozonised oxygen with potassium iodide and other 
substances capable of being oxidised, we destroy the ozone, but the 
volume of the gas remains unchanged." For the researches of Andrews, 
Soret, v. Babo, and others showed that the proportion of ozonised 
oxygen absorbed by the potassium iodide is equal to the original con- 
traction of volume of the oxygen — that is, in the absorption of the ozone 
the volume of the gas remains unchanged. From this it might bo 
imagined that ozone, so to say, does not occupy any space — is jndefi* 
nitely dense. 

* 3. " By the action ol heat ozonised oxygen increases in volume* 
and is transformed into ordinary oxygen. This increase in volume 
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corresponds with the quantity of ozonised oxygen which is given up to* 
the potassium iodide in its decomposition " (the same observers). 

4. These unquestionable experimental results lead to the conclusion 
that ozone is denser than oxygen, and that in its oxidising action it 
gives off that portion of its substance to which is due its extra density 
distinguishing it from ordinary oxygen. 

If we imagine (says WeltzienJ thai n volumes of ozone consist of n 
volumes of oxygen combined with m volumes of the same substance, and 
that ozone in oxidising gives up m volumes of oxygen and leaves n 
volumes of ordinary* oxygen gas, then all the above facts can be ex- 
plained ; otherwise it must be supposed that ozone is infinitely dense* 
'In order to determine the density of ozone ' (we again cite Soret) ' re- 
course cannot be had to the direct determination of the weight of a given 
volume of the gas, because ozone cannot be obtained in a pure state. It is 
always mixed with a very large quantity of oxygen. It was necessary, 
therefore, to have recourse to such substances as would absorb ozone 
without absorbing oxygen and without destroying the ozone. Then the 
density might be deduced from the decrease of volume produced in the 
gas by the action of this solvent in comparison with the quantity of 
-oxygen given up to potassium iodide. Advantage must also be taken 
of the determination of the increase of volume produced by the action 
of heat on ozone, if the volume occupied by the ozone before heating 
be known.' Soret found two such substances, turpentine and oil of 
cinnamon. ' Ozone disappears in the presence of turpentine. This is 
accompanied by the appearance of a dense vapour, which fills a vessel 
of small capacity (014 litre) to such an extent that it is impenetrable 
to direct solar-rays. On leaving the vessel at rest, it is observed that 
the cloud of vapour settles ; the clearing is first remarked at the upper 
portion of the vessel, and the brilliant colours of the rainbow are seen on 
the edge of a cloud of vapour.' Oil of cinnamon— that is, the volatile or 
essential oil of the well-known spice, cinnamon— gives under similar 
circumstances the same kind of vapours, but they are much less volu- 
minous. On measuring the gaseous volume before and after the action 
of both volatile oils, a considerable decrease is remarked. On applying 
all the necessary corrections (for the solubility of oxygen in the oily 
liquids named above, for the tension of their vapour, for the change of 
pressure, &c.) and making a series of comparative determinations, Soret 
obtained the following result : two volumes of ozone capable of being dis» 
solved, when changed to ordinary (by heating a wire to a red-heat by a 
galvanic current) increase by one volume. Hence it is evident that in 
the formation of ozone three volumes of oxygen give two volumes of 
4tone—tbat is, its density (referred to hydrogen)«24. 
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The observations and determinations of Soret showed that ozone 
is heavier than oxygen, and even than carbonic anhydride (because 
ozonised oxygen pafeses through fine orifices more slowly than oxygen 
and than its mixtures with carbonic anhydride), although lighter than 
chlorine (it flows more rapidly through such orifices than chlorine), and 
they indicated that ozone is one find a haff times denser than oxygen, 
which may be expressed by designating a molecule of oxygen by O t 
and of ozone by O a , and hence ozone 00 3 is comparable with compound 
substances 9 formed by oxygen, as for instance CO,, SO,, NO,, Ac. 
This explains the chief differences between ozone and oxygen and the 
cause of the isomerism, and at the same time leads one to expect 10 
that ozone, being a gas which is denser than oxygen, would be liquefied 
much more easily. This was actually shown to be the case in 1880, by 
Chappuis and Hautefeuille in their researches on the physical properties 
of ozone. Its boiling point under a pressure of 760 mm. is about — 1 06°, 
•and consequently compressed and refrigerated ozone when rapidly ex- 
panded forms drops, i.e. is liquefied. Liquid and compressed u ozone is 

* Ozone is, so to say, an oxide of oxygen, just as water is an oxide of hydrogen. Just 
m aqueous vapour is composed of two volumes of hydrogen and one volume of oxygen* 
which on combining condense into two volumes of aqueous vapour, so also two volumes 
of oxygen are combined in oxotte with one volume of oxygen to give two volumes of 
otone. In the action of ozone on different substances it is only that additional portion 
of its molecule by which it differs from ordinary oxygen that combines with other bodies, 
and that is why, under these circumstances, the volume of the ozonised oxygen does not 
change. Starting with two volumes of ozone, one-third of its weight is parted with, 
and two volumes of oxygen remain; 

The above observations of Soret on the capacity of turpentine for dissolving ozone, 
together with Schonbein's researches on the formation of osone in the oxidation of tur- 
pentine and of similar volatile vegetable oils (entering into the composition of perfume*) f 
also explain the action of this ethereal oil on a great many substances. It is known thai 
turpentine oil, when mixed with, many substances, promotes their oxidation. .In this" 
case it probably not only itself promotes the formation of ozone, but also dissolves osone 
from the atmosphere, and thus acquires the property of oxidising many substances. It 
bleaches linen and cork, decolorises mdigo, promotes the- oxidation and. hardening of 
boiled linseed oil, &a These properties of turpentine oil are made use of in practice. 
Dirty linen and many stained materials are easily cleaned by turpentine, not only because 
It dissolves the grease, but also because it oxidises it. The admixture of turpentine with 
drying (boiled) oil, oil-colours, and lacs aids their rapid drying because it attracts osone. 
Various oils occurring in plants, and entering into the composition of perfumes and 
certain scent extracts, also act as oxidisors. They act in the same manner as oil of tur- 
pentine and oil of cinnamon. This perhaps explains the refreshing influence they have 
In scents and other similar preparations, and also the salubrity of the air of pine forests. 
Water upon which a layer of turpentine oil has been poured acquires, when left standing 
in the light, the disinfecting and oxidising properties in general of Ozonised turpentine 
(is this due to the formation of HjOg ?). 

10 The densest, most complex, and heaviest particles of matter should, under equal 
conditions, evidently be less capable Of passing into a state of gaseous motion, should 
sooner attain a liquid state, and' have a greater cohesive force. 

" The blue colour proper to osone may be seen through a tube one metre long, filled 
with oxygen, containing IOjmx. of ozone. The density of liquid ozone has not, so tar 
as I am aware, been determined. 
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blue. In dissolving in water ozone partly passes into oxygen. It 
explodes violently when suddenly compressed and heated, changing into 
ordinary oxygen and evolving, like all explosive substances, 19 that extra 
heat which distinguishes it from oxygen. 

Thus, judging by what has been said above, ozone should be formed 
in nature not only in the many processes of oxidation which go on, but 
also by the condensation of atmospheric* oxygen. The significance of 
ozone in nature has often arrested the attention of observers. There is 
a series of ozoDometrical observations which show the different amounts 
of ozone in the air at different localities, at different times of the year, 
and under different circumstances. But the observations made in this 
direction cannot be considered as sufficiently exact, because the methods 
in use for determining ozone were not quite accurate. It is however 
indisputable 19 that the amount of ozone in the atmosphere is subject to 
variation ; that the air of dwellings contains no ozone (it disappears in 
oxidising organic matter) ; that the air of fields and forests always con- 
tains ozone, or substances (peroxide of hydrogen) which act like it (on 
iodised starch paper Ac.) 13 "* ; that the ampunt of ozone increases after 
storms ; and that miasms, Ac, are destroyed by ozonising the atmo- 
sphere. It easily oxidises organic substances, and miasms are produced 
by organic substances and the germs of organisms, all of which are easily 
changed and oxidised. Indeed, many miasms— for instance, the volatile 
substance of decomposing organisms— are clearly destroyed or changed 
not only by ozone, but also by many other powerfully oxidising substances, 
such as chlorine water, potassium permanganate,, and the like. 14 All 
that is now known respecting the presence of ozone in the air may be 

11 All explosive bodies and mixtures (gunpowder, detonating gas, &c) evolve heel in 
exploding— that it, the reactions which accompany explosion* are exothermal. In this 
manner ozone in decomposing evolves latent heat, although generally heat is absorbed 
in decomposition. This shows the meaning and cause of explosion. 

19 In Paris it has been found that the further from the centre of the town the greater 
the amount of ozone in the air. The reason of this is evident : in a city there are many 
conditions for the destruction of ozone. This is why we distinguish country air as being 
fresh. In spring the air contains more osone than in autumn ; the air of fields more than 
the air of towns. 

u ou The question of the presence of osone in the air has not yet been fully eluci- 
dated, as those reactions by which ozone is generally detected are also common to nitrous 
acid (and its ammonia salt). Ilosvay de Hosva (1889), in order to exclude the influence 
of such bodies, passed air through a 40 per cent, solution of caustic soda, and then 
through a 20 per cent, solution of sulphuric acid (these solutions do not destroy ozone), 
and tested the air thus purified for the presence of ozone. As no osone was then 
detected the author concludes that all the effects which were formerly ascribed to osone 
should be referred to nitrous acid. But this conclusion requires more careful verifica- 
tion, since the researches of Prof. Schonbein on the presence of peroxide of hydrogen in 
the atmosphere. 

M The oxidising action of ozone may be taken advantage of for technical purposes ; 
for instance, for destroying colouring matters. It has even been employed for bleaching 
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summed up in the following words : A small quantity of an oxidising 
substance, resembling ozone in its reactions, has undoubtedly been 
observed and determined in the atmosphere, especially in fresh air, for 
instance after a storm, and it is very likely that this substance contains 
a mixture of such dxidising substances as ozone^peroxide of hydrogen, 
and the lower oxides of nitrogen (especially nitrous acid and its ammonia 
Yalt) produced from the elements of the atmosphere by oxidation and 
by the action of electrical discharges. 

Thus in ozone we see (1) the capacity of elements (and it must be 
all the more marked in compounds) of changing in properties without 
altering in composition ; this is- termed isomerism ; " (2) the capacity 
of certain elements for condensing themselves into molecules of different 
densities ; this forms a special case of isomerism called polymerism ; 
(3) the capacity of oxygen for appearing in a still more active and 
energetio chemical state than that in which it occurs in ordinary 
gaseous oxygen ; and (4) the formation of unstable equilibria, or 
chemical • states, which are illustrated both by the ease with which 
ozone acts as an oxidiser and by its capacity for decomposing with 
explosion. 16 

Hydrogen peroxide* — Many of those properties which we have seen 
in ozone belong also to a peculiar substance containing oxygen and 
hydrogen and called hydrogen peroxide or oxygenated water. This 
substance was discovered in 1818 by Thenard. When heated it i» 
decomposed into water and oxygen, evolving as much oxygen as is 
contained in the water remaining after the decomposition. That 
portion of oxygen by which hydrogen peroxide differs from water be* 
haves in a number of cases just like the active oxygen in ozone, which 
distinguishes it from ordinary oxygen. In H 3 9 , and in Oj, one atom 
of oxygen acts as a powerful oxidiser, and on separating out it 
leaves H a O or O s , which do not act so energetically, although they 
still contain oxygen. 17 Both H/)and 9 contain the oxygen in a com- 
pressed state, so to speak, and when freed from pressure by the forces 
(internal) of the elements in another substance, this oxygen is easily 
evolved, and therefore acts as oxygen does at the moment of its liberation. 

tissues and for the rapid preparation of vinegar, although these methods have not jet 
received wide application. 

*• Isomerism in elements is termed allotropitm. 

10 A number of substances resemble ozone in one or other of these respects. Thua 
cyanogen, C?N 3 , nitrogen chloride, &c., decompose with an explosion and evolution of 
heat. Nitrous anhydride, N 3 Oj, forms a blue liquid like osone, and in a number of cases 
oxidises like ozone. 

tT It is evident that there is a want of words here for distinguishing.oxygen, O, as an 
ultimate element, from oxygen, Os, as a free element. The latter should be termed 
oxygen gas, did not custom and the. length of the expression render it inconvenient 
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Both sah s ts n r rs bb< 

their oxygen, ewohe beat, whilst 

by an absorption of Wat. 

Hydrogen petotnde ii l 
tsjstk)aaiHioodation,bfrt thssj 

H is sufficient to shake ep sine with seJpharie add, or even with water* 
to obeerr© the formation of a certain qaantitY of hydrogen p e roxid e he 
the water. 1 * From this cense, probably, a series of drreree o tk l sti oa 
pro c es s es are accomplished in nature, and according to Prof. Schone of 
Moscow, hydrogen peroxide occurs in the sfa uosphcroy although in Tari* 
able and small quantities, and probably its formation k conneetad with 
ozone, with which it has much in co mm on. The una! mode of the 
formation of hydrogen pe r o xi de, and the m ethod by whkh it may behv 
Erectly obtained, 1 * is by the doable decomposition of an acid and the 

» 8ehonbsin states that the formation of hydrogen psranftt isto W remarked fee 
«tery oxidation in water or in the n r ss wm of aqueous Tapour. According to 8%rw*e* 
hydr og en peroxide k contained m now and in rain-water, and its formation, together 
with oeone And ammonium nitrate, is eren probable in fbe proces s ei of -respiration end 
combustion. A solution of tin in m e rcury , or liquid tin amalgam^ when shaken up In 
water containing sulphuric add, prodocee hydro gen . parotide, whilst Iran wader the 
seme circumstances doea not give rise to He formation. The pre se nce of email q uantitie s 
of hydrogen peroxide in these and similar cases is recognised by many Fractions 
Amongst them, He action on chromic acid in the p r esence of ether is Taryrheisstiesiliii, 
Hydrogen peroxide converts the chromic acid into a higher oxide, CrgOy, which is of a 
dark-blue colour and dissorree in ether. This ethereal solution is to a certain degree 
stable, and therefore the presence of hydrogen peroxide may be recognised by mixing 
the liquid to be tested with ether and adding sereral drops of a solution of chromic acid. 
On shaking the mixture the ether dissolves the higher oxide of chromium which is 
formed, snd acquires a blue colour. The formation of hydrogen peroxide' in the combus- 
tion and oxidation of substances containing or erolring hydrogen must be understood in 
the light of the conception, to be considered later, of molecules occ upyin g equal Tolumea 
in a gaseous state. At the moment of its evolution a molecule ^ combines with a mole- 
cule 0* snd gives H a 2 . As this substance is unstable, a large proportion of it is 
decomposed, a small amount only remaining unchanged. Ii it is obtained, water is easily 
formed from it; this reaction evolves heat, and the reverse action is not very probable. 
Direct determinations show that the reaction HfOt-HfO + O evolves 29/MO heat unite. 
From this it will be understood how easy is the decomposition of hydrogen peroxide, aa 
wall ss the fact that a number of substances which are not directly oxidised by oxygen. 
are oxidised by hydrogen peroxide and by osone, which also evolves heat on decompose 
tion. Such a representation of the origin of hydrogen peroxide has been developed by 
me since 1870. Recently (1800) Traube has pronounced a similar opinion, stating that 
Zn under the action of water and air gives, besides ZnH^Of, also H,0* 

•• The formation of hydrogen peroxide from barium peroxide by a method of double 
'decomposition Is an instance of a number of indirect method* of preparation, A sub- 
stance A does not combine with b, but a b is obtained from a o in its action on b d (see 
Introduction) when c D is formed. Water does not combine with oxygen, but as a hydrate 
of acids It acts on the compound of oxygen with barium oxide, because this oxide gives a 
•salt with an acid anhydride ; or, what is the same thing, hydrogen with oxygen does not 
directly form hydrogen peroxide, but when combined with a haloid (for example, chlorine), 
under the action of barium peroxide, BaOf, it leads to the formation of a salt of barium 
andHjOf It U to Ureniaxksd that the passage of barium oxide, BaO, in to the peroxide. 
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peroxides of certain metals, especially those of potassium, calcium, and 
barium. 80 We saw when speaking of Oxygen (Chap. III.) that it is only 
necessary to heat the anhydrous oxide of barium to a red heat in a 
current of air or oxygen (or, better still, to heat it with potassium 
chlorate, and then to wash away the potassium chloride formed) to ob- 
tain peroxide of barium. 21 Barium peroxide gives hydrogen peroxide 
by the action of acids in the cold.*' The process of decomposition is 
very clear in this case 5 the hydrogen of the acid replaces the barium 
of the peroxide, a barium salt of the acid being formed, while the 
hydrogen peroxide formed in the reaction remains in solution. 23 

BaOg, is accompanied by the evolution of 12,100 heat 'units per 16 parts of oxygen by 
weight combined, and the passage of H 3 into the peroxide H-,0 2 does not proceed 
directly, because it would be accompanied by the absorption of 22,000 units of heat by 
16 parts by weight of oxygen combined* Barium peroxide, in acting on an acid, evidently 
evolves less heat than the oxide, and it is this difference of heat that is absorbed in the 
hydrogen peroxide. Its energy is obtained from that evolved in the formation of the 
■alt of barium. 

10 Peroxides of lead and manganese, and other analogous peroxides (tee Chap. HI., 
Note 9), do not give hydrogen peroxide under these conditions, but yield chlorine with 
hydrochloric acid. 

11 The impure barium peroxide obtained in this manner may be easily purified. For 
this purpose it is dissolved in a dilute solution of nitric acid. A certain quantity of an 
insoluble residue always remains, from which the solution is separated by filtration. 
The solution will contain not only the compound of the barium peroxide, but also a 
compound of the barium oxide itself, a certain quantity of which always remains uncom- 
bined with oxygen. The acid compounds of the peroxide and oxide of barium are easily 
distinguishable by their stability. The peroxide gives an unstable compound, and the 
oxide a stable salt. By adding an aqueous solution of barium oxide to the resultant 
solution, the whole of the peroxide contained in the solution may be precipitated as a 
pure aqueous compound (Kouriloff, 1880, obtained the same result by adding an excess 
of BaOt). The first portions of the precipitate will consist of impurities — for instance, 
oxide of iron. The barium peroxide then separates out, and is collected on a filter 
and washed ; it forms a substance having a definite composition, BaO^SHjO, and is very 
pure. Pure hydrogen peroxide should always be prepared from such purified barium 
peroxide. 

R In the cold, strong sulphuric acid with barium peroxide gives ozone ; when diluted 
with a certain amount of water it gives oxygen (see Note 6), and hydrogen peroxide is 
only obtained by the action of very weak sulphuric acid. Hydrochloric, hydrofluoric, 
carbonic, and hydroailicofluoric acids, and others, when diluted with water also give 
hydrogen peroxide with barium peroxide. Professor Schone, who very carefully investi- 
gated hydrogen peroxide, showed that it is formed by the action of many of the above* 
mentioned acids on barium peroxide. In preparing peroxide of hydrogen by means of 
sulphuric acid, the solution must be kept cold. A solution of maximum concentration 
nay be obtained by successive treatments with sulphuric acid of increasing strength. 
In this manner a solution containing 9 to 8 grams of pure peroxide in 100 c.c of water 
may be obtained (V. Kouriloff) 

ts With the majority of acids, that salt of barium which is formed remains in solution ; 
thus, for instance, by employing hydrochloric acid, hydrogen peroxide and barium chloride 
remain in solution. Complicated processes would be required to obtain pure hydrogen 
peroxide from such a solution. It Is much more convenient to take advantage of the 
action of carbonic anhydride on the pure hydrate of barium peroxide. For this purpose 
the hydrate is stirred op in water, and a rapid stream of carbonic anhydride is passed 
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The reaction is expressed by the equation BaO, + H^0 4 «H 1 1 
+BaS0 4 . It is best to take a weak cold solution of sulphuric acid and 
to almost saturate it with barium peroxide, so that a small excess of acid 
remains ; insoluble barium sulphate is formed. A more or less dilute 
aqueous solution of hydrogen peroxide is obtained. This solution may 
be concentrated in a vacuum over sulphuric acicL In this way the 
water may even be entirely evaporated from the solution of the hydro- 
gen peroxide ; only in this case it is necessary to work at a low tem- 
perature, and not to keep the peroxide for long in the rarefied atmo- 
sphere, as otherwise it decomposes." "• A solution of peroxide of 
hydrogen (mixed with the solution of a salt of sodium NaX) is used for 
bleaching (especially silk and wool) on a large scale, and is now usually 
prepared from peroxide of sodium Na^Oj by the action of acids. Na*O s 
+ 2HX«2NaX+H f (V 4 . 

When pure, hydrogen peroxide is a colourless liquid, without smell, 
and having a very unpleasant taste— such as belongs to the salts of 
many metals— the so-called ' metallio • taste. Water stored in 7.inc vessels 
has this taste, which is probably due to its containing hydrogen per- 
oxide. The tension of the vapour of hydrogen peroxide is less than that 
of aqueous vapour ; this enables its solutions to be concentrated in a 
vacuum. The specific gravity of anhydrous hydrogen peroxide is 1*455. 
Hydrogen peroxide decomposes, with the evolution of oxygen, when 
heated even to 20°. But the more dilate its aqueous solution the more 
stable it is. Very weak solutions may be distilled without decomposing 
the hydrogen peroxide. It decolorises solutions of litmus and turmeric, 
and acts in a similar manner on many colouring matters of organic 
origin (for whioh reason it is employed for bleaching tissues). 24 **• 

Many substances decompose hydrogen peroxide, forming water and 
oxygen, without apparently suffering any change. In this case sub- 
through the water. Barium carbonate, insoluble in water, is formed, and the hydrogen 
peroxide remains in solution, so that it may be separated from the carbonate by filtering 
only. On a large scale hydrofluottilicicacid is employed, its barium salt being also 
insoluble in water. 

K w» Hydrogen peroxide may be extracted from very dilute solutions by means of 
ether, which dissolves it, and when mixed with it the hydrogen peroxide may even be 
distilled. A solution of hydrogen peroxide in water may be strengthened by oooling it to 
a low temperature, when the water crystallises out— that is, is converted into ioe— whOst 
the hydrogen peroxide remains in solution, as it only freoses at very low temperatures. 
It must be observed that hydrogen peroxide, in a strong solution in a pure state, ia 
exceedingly unstable even at the ordinary temperature, and therefore it must be preserved 
In vessels always kept cold, as otherwise it evolves oxygen and forms water. 

u Peroxide of sodium (Chap. XII., Note 49) is prepared by burning sodium in dry air. 

M lis Peroxide of hydrogen should apparently find an industrial application in the arts, 
for instance, (1) as a bleaching agent, it having the important advantage over chloride 
of lime, 80* &c 7 of not acting upon the material under treatment It may be used fat 



Digitized by 



Google 



OZONE AND HYDROGEN PEROXIDE-DALTON'S LAW 211 

stances in a state of fine division show a much quicker action than com- 
pact masses, from which it is evident that the action is here based on 
contact (see Introduction). It is sufficient to bring hydrogen peroxide 
into contact with charcoal, gold, the peroxide of manganese or lead, the 
alkalis, metallic silver, and platinum, to bring about the above decom- 
position." Besides which, hydrogen peroxide forms water and parts 
with its oxygen with great ease to a number of substances which are 
capable of being oxidised or of combining with oxygen, and in this re- 
spect is very like ozone and other powerful oxidisers. 2 * To the class of 
contact phenomena, which are so characteristic of hydrogen peroxide as a 
substance which is unstable and easily decomposable with the evolution 
of heat, must be referred the following — that in the presence of many 
substances containing oxygen it evolves, not only its own oxygen, but 
also that of the substances which are brought into contact with it — that 

bleaching feathers, hair, silk, wool, wood, Ac., it also removes stains of all kinds, such as 
wine, ink, and fruit stains ; (2) it destroys bacteria like ozone without having any injurious 
effect upon the human body. It can also be nsed for washing all kinds of wounds, for 
purifying the air in the* sick room, &c, and (8) as a preserving agent for potted meats, Ac 

a As the result of careful research, certain of the catalytic or contact phenomena 
have been subjected to exact explanation, which shows the participation of a substance 
present in the process of a reaction, whilst, however, it does not alter the series of changes 
proceeding from mechanical actions only. Professor Schone, of the Petroifsky Academy, 
has already explained a number cf reactions of hydrogen peroxide which previously were 
not understood. Thus, for instance, he showed that with hydrogen peroxide, alkalis give 
peroxides of the alkaline metals, which combine with the remaining hydrogen peroxide, 
forming unstable compounds which are easily decomposed, and therefore alkalis evince a 
decomposing (catalytic) influence on solutions of hydrogen peroxide. Only acid solutions 
of hydrogen peroxide, and then only dilute ones, can be preserved well. 

*9 Hydrogen peroxide, as a substance containing much oxygen (namely, 10 parts to 
one part by weight of hydrogen), exhibits many oxidieing reactions. Thus, it oxidises 
arsenic, converts lime into calcium peroxide, the oxides of sine and copper into peroxides ; 
it parts with its oxygen to many sulphides, converting them into sulphates, 6c. 80, for 
example, it converts black lead sulphide, PbS, into white lead sulphate, PbSO* copper 
sulphide into copper sulphate, and so on. The restoration of old oil paintings by hydrogen 
peroxide is based on this action. Oil colours are usually admixed with white lead, and in 
many cases the colour of oil-paints becomes darker in process of time. This is partly 
due to the sulphuretted hydrogen contained in the air, which acts on white lead, 
forming lead sulphide, which is black. The intermixture of the black oolour darkens the 
lest. In cleaning a picture with a solution of hydrogen peroxide, the black lead sulphide 
is converted into white sulphate, and the colours brighten owing to the disappearance 
of the black substance which previously darkened them. Hydrogen peroxide oxidises 
with particular energy substances containing hydrogen and capable of easily parting 
with it to oxidising substances. Thus it decomposes hydriodio acid, setting the iodine 
free and converting the hydrogen it contains into water ; it also decomposes sulphuretted 
hydrogen in exactly the same manner, setting the sulphur free. 8tarch paste with 
potassium iodide is not, however, directly coloured by peroxide of hydrogen in the entire 
absence of free acids ; but the addition of a small quantity of iron sulphate (green vitriol) 
or of lead acetate to the mixture is enough to entirely blacken the paste. This is a very 
sensitive reagent (test) for peroxide of hydrogen, lie the test with^ chromic acid sad 
r (ass Note 8). 
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ia, it acts in a reducing manner. It behaves thus with ozone, th* 
oxides of silver, mercury, gold and platinum, and lead peroxide. The 
oxygen in these substances is not stable, and therefore the feeble 
influence of contact is enough to destroy 'its position. Hydrogen per- 
oxide, especially in a concentrated form, in contact with these substances* 
evolves an immense quantity of oxygen, so that an explosion takes 
place and an exceedingly powerful evolution of heat is observed if 
hydrogen peroxide in a concentrated form be made Jo drop upon 
these substances in dry powder. Slow decomposition also proceeds in 
dilute solutions. 17 

Just as a whole series of metallic compounds, and especially the 
oxides and their hydrates, correspond with water, so also there are 
many substances analogous to hydrogen peroxide. Thus, for instance, 
calcium peroxide is related to hydrogen peroxide in exactly the same 
way as calcium oxide c* lime is related to water. In both cases the 
hydrogen is replaced by a metal^namely, by calcium.* 7 bl » But it is 
most important to remark that the nearest approach to the properties 
of hydrogen peroxide is afforded by a non-metallic element, chlorine ; 

" To explain the phenomenOn/£& hypothesis has been put forward by Brodie, Clausius, 
and Schbnbein which supposes ordinary oxygen to be an electrically neotral substance, 
composed, so to speak, of two electrically opposite kinds of oxygen— positive and nega- 
tive. It is supposed that hydrogen peroxide contains one kind of such polar oxygen, 
whilst in the oxides of the above-named metals the oxygen is of opposite polarity. It it 
supposed that in the oxides of the metals the oxygen is electro-negative, and in hydrogen 
peroxide electro-positive, and that on the mutual contact of these substances ordinary 
neutral oxygen is evolved as a consequence of the mutual attraction of the oxygens of 
opposite polarity. Brodie admits the polarity of oxygen in combination, but not in an 
uncombined state, whilst Schbnbein supposes uncombined oxygen to be polar also, con- 
sidering osone as electro-negative oxygen. The supposition that the oxygen of oconc is 
different from that of hydrogen peroxide is contradicted by the fact that in acting on barium 
peroxide strong sulphuric acid forms osone, and dilute acid forms hydrogen peroxide. 

Vhu It should be mentioned that Schiloff (1898) on taking a 8 per cent, eolation of 
HfOf, adding soda to it, and then extracting the peroxide of hydrogen from the mixture 
by shaking it with ether, obtained a 50 per cent, solution of H a O,, which, although' 
perfectly free from other acids, gave a distinctly acid reaction with litmus. And here 
attention should first of all be turned to the fact that the peroxides of the metals corre- 
spond to H a O a , like salts to an acid, for instance, NsqOj and BaO*, &c. Furthermore, it 
must be remembered that O is an analogue of S (Chapters XV. and XX.), and sulphur 
gives H^S, H 9 S0 3 , and 11*804. And sulphurous acid, H-jSOs, ia unstable as a hydrate, 
and gives water and the anhydride SO* If the sulphur be replaced by oxygen, then 
instead of H a 80 3 and SO* we have H 3 00 3 and 00,. The latter is ozone, while the sslt 
K a 4 (peroxide of potassium) corresponds to the hydrate H 3 4 as to an acid. And 
between H a and H 2 4 there may exist intermediate acid compounds, the first of which 
would be HaOfc in which, from analogy to the sulphur compounds, one would expect acid 
properties. Besides which we may mention that for sulphur, besides H a S (which it a 
feeble acid), H^S,, H a S s , H 9 S 4 are known. Thus in many respects H 3 9 offers points of 
resemblance to acid compounds, and as regards its qualitative (reactive) analogies, it not 
only resembles Na^O* BaOj, dec, but also persulphuric acid HS0 4 (to which the an* 
hydride 8,0 f corresponds) and Cut0 T , cVc, whioh will be subsequently described. 
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Its action on colouring matters, its capacity for oxidising, and for 
evolving oxygen from many oxides, is analogous to that exhibited by 
hydrogen - peroxide. Even, the very formation of chlorine is closely 
analogous to the formation of peroxide of hydrogen ; chlorine is 
obtained from manganese peroxide, MnO„ and hydrochloric acid, HC1, 
and hydrogen peroxide from barium peroxide, Ba0 2 , and the same 
acid. The result in one case is essentially water, chlorine, and 
manganese ohloride ; and in the other case barium chloride and hydro- 
gen peroxide are produced. Hence water + chlorine corresponds with 
hydrogen peroxide, and the action of chlorine in the presence of water 
is analogous to the action of hydrogen peroxide. This analogy between 
chlorine and hydrogen peroxide is expressed in the conception of an 
aqueous radicle, which (Chapter III.) has been already mentioned. 
This aqueous radicle (or hydroxy)) is that which is left from water if 
it be imagined as deprived of half of its hydrogen. According to this 
method of expression, caustic soda will be a compound of sodium with 
the aqueous radicle, because it is formed from water with the evolution 
of half the hydrogen. This is expressed by the following formulae * 
water, H 2 0, caustic soda, NaHO, just as hydrochloric acid is HC1 and 
sodium chloride NaCl. Hence the aqueous radicle HO is a compound 
radicle, just as chlorine, CI, is a simple radicle. They both give hydro- 
gen compounds, HHO, water, and HC1, hydrochloric acid ; sodium 
compounds, NaHO and NaCl, and a whole series of analogous com- 
pounds. Free chlorine in this sense will be C1C1, and hydrogen 
peroxide HOHO, which indeed expresses its composition, because it 
contains twice as much oxygen as water does. 28 

Thus in ozone and hydrogen peroxide we see examples of very 
unstable, easily decomposable (by time, spontaneously, and on contact) 
substances, full of the energy necessary for change, 28 *■ capable of being 
easily reconstituted (in this case decomposing with the evolution of 
heat) ; they are therefore examples of unstable chemical equilibria. If 
a substance exists, it signifies that it already presents a certain form 
of equilibrium between those elements of which it is built up. But 

* Tamman and Carrara (1893) showed by determining the depression (fall of the 
.temperature of the formation of ice, Chapters L and VII.) that the molecule of peroxide 
of hydrogen contains H a 3 , and not HO or HjOj. 

n bta The lower oxides of nitrogen and chlorine and the higher oxides of manganese 
are also formed with the absorption of heat, and therefore, like hydrogen peroxide, act in 
a powerfully oxidising manner, and are not formed by the same methods as the majority 
of other oxides. It is evident that, being endowed with a richer store of energy (acquired 
in combination or by absorption of heat), such substance*, compared with others poorer 
In energy, will exhibit a greater diversity of cases of chemical action with other sub- 
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chemical; like mechanical, equilibria exhibit different degrees of stability 
or solidity.* 9 

Besides this, hydrogen peroxide presents another side of the 
subject which is not less important, and is much clearer and more 
general. 

Hydrogen unites with oxygen in two degrees of oxidation : water 
or hydrogen oxide, and oxygenated water or hydrogen peroxide ; for a 
given quantity of hydrogen, the peroxide contains twice as much oxygen 
as does water. This is a fresh example confirming the correctness of 
the law of multiple proportions, to which we have already referred in 
speaking of the water of crystallisation of salts. We can now formu- 
late this law — the law of multiple proportions. If two substances A and 
B (either simple or compound), unite together to form several compounds, 
A n B m , A q B r . . . ., then having expressed the compositions of all these 
compounds in such a way that the quantity (by weight or volume) of one 
of the component parts will be a constant quantity A, it will be observed 
that in all the compounds AB& AB> % .... the quantities of the other 
component part, B» will always be in commensurable relation : generally 
in simple multiple proportion — that is, that a; b . . ., or m/n is to r/q 
as whole numbers % for instance as 2 : 3 or 3 : 4. • , ; .* 

The analysis of water shows that in 100 parts by Weight it contains 
11*112 parts by weight of hydrogen and 88*888 of oxygen, and the 
analysis of peroxide of hydrogen shows that it contains 94*112 parts of 
oxygen to 5-888 parts of hydrogen. In this the analysis is expressed, 

M If the point of support of a body lies in a vertical line below the oentre of gravity, 
it is in nneUble equilibrium. If the oentre of gravity lies below the point of support, 
the state of equilibrium is very stable, end a vibration may take place about this posi- 
tion of stable equilibrium, as in a pendulum or balance, when finally the body assumes 
a position of stable equilibrium. But if, keeping to the same mechanical example, 
the body be supported not on a point, in the geometrioal sense of the word, but on a 
small plane, then the state of unstable equilibrium may be preserved, unless destroyed 
by external influences. Thus a man stands upright supported on the plane, or several 
points of the surfaces of his feet, having the centre of gravity above the points pf support 
Vibration is then possible, but it is limited, otherwise on passing outside the limit of 
possible equilibrium another more stable position is attained about which vibration 
becomes more possible. A prism immersed in water may have several more or less stable 
positions of equilibrium. The same is also true with the atoms in molecules. Some 
molecules present a state of more stable equilibrium than others. Hence from this simple 
comparison it will be at onoe evident that the stability of molecules may vary considerably,, 
that one and the same elements, taken in the same number, may give isomerides of dif- 
ferent stability, and, lastly, that there may exist states of equilibria which are so unstable, 
-so ephemeral, that they will only arise under particularly special conditions such, for 
example, as certain hydrates mentioned in the first chapter (tes Notes 57, 67, and others). 
And if in one case the instability of a given state of equilibrium is expressed by its 
instability with a change of temperature or physical state, then in other cases it la 
expressed by the facility with which it decomposes under the influence of contact or of 
Um che m ical influence of other substances. 
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M analyses generally are, in percentages ; that is, it gives the amounts 
of the elements in a hundred parts by weight of the substance. The 
direct comparison of the percentage compositions of water and hydro- 
gen peroxide does not give any simple relation. But such a relation is 
immediately apparent if we calculate the composition of water and of 
hydrogen peroxide, having taken either the quantity of oxygen or the 
quantity of hydrogen as a constant quantity — for instance, as unity. 
The most simple proportions show that in water there are contained 
eight parts of oxygen to one part of hydrogen, and in hydrogen peroxide 
sixteen parts of oxygen to one part of hydrogen ; or one-eighth part of 
hydrogen in water and one-sixteenth part of hydrogen in hydrogen 
peroxide to one part of oxygen. Naturally, the analysis does not give 
these figures with absolute exactness — it gives them within a certain 
degree of error — but they approximate, as the error diminishes, to that 
limit which is here given. The comparison of the quantities of hydro- 
gen and oxygen in the two substances above named, taking one of the 
components as a constant quantity, gives an example of the application 
of the law of multiple proportions, because water contains eight parts 
and hydrogen peroxide sixteen parts of oxygen to one part of hydrogen, 
and these figures are commensurable and are in the simple proportion of 
1 : 2. 

An exactly similar multiple proportion is observed in tho com- 
position of all other well-investigated definite chemical compounds, 10 

89 Whan, for example, any element forms several oxides, they are subject to the law 
of multiple proportions. For a given quantity of the non-metal or metal the quantities 
of oxygen in the different degrees of oxidation will stand as 1 : 9, or as 1 : 8, or as 9 : 8 f 
or as 9 : 7, and so on. Thus, for instance, copper combines with oxygen in at least two 
proportions, forming the oxides found in nature, and called the suboxide and the oxide 
of copper, CujOand CuO; the oxide contains twice as much oxygen as the suboxide. 
Lead also presents two degrees of oxidation, the oxide and peroxide, and in the latter 
there is twice as much oxygen as in the former, PbO and PbO* When a base and an 
add are capable of forming several kinds of salts, normal, acid, basic, and anhydro*, it is 
found that they also oleady exemplify the law of multiple proportions. This was demon- 
strated by Wollaston soon after the discovery of the law in question. We saw in tho 
first chapter that salts show different degrees of combination with water of crystallisation, 
and that they obey the law of multiple proportions. And, more than this, the indefinite 
chemical compounds existing as solutions may, as we saw in the same chapter, be brought 
under the law of multiple, proportions by the hypothesis that solutions are unstable 
hydrates formed according to the law of multiple proportions, but occurring in a state of 
dissociation. By means of this hypothesis the law of multiple proportions becomes still 
more general, and all the aspects of chemical compounds are subject to it. The direction 
of the whole contemporary state of chemistry was determined by the discoveries of 
Lavoisier and Daltoo. By endeavouring to prove that in solutions we have nothing else 
than the liquid products of the dissociation of definite hydrates, it is my aim to bring also 
this category of indefinite compounds under the general principle enunciated by Daltoo; 
lost at astronomers have discovered a proof and not a negation of the la ws of Newton m 
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And therefore the law of multiple proportions is accepted in chemistry 
as the starting point from which other considerations proceed. 

The law of multiple proportions was discovered at the beginning 
of this century by John Dalton, of Manchester, in investigating the 
compounds of carbon with hydrogen. It appeared that two gaseous 
compounds of these substances— marsh gas, CH and defiant gas, 
C a H 4 , contain for 'one and the same quantity of hydrogen, quantities 
of carbon which stand in multiple proportion ; namely, marsh gas 
contains relatively half as much carbon as olefiant gas. Although the 
analysis of that time was not exact, still the accuracy of this law, 
recognised by Dalton, was further confirmed by more accurate investi- 
gations. On establishing the law of multiple proportions, Dalton gave 
a hypothetical explanation for it. This explanation is based on the 
atomic theory of matter. In fact, the law of multiple proportions may 
be very easily understood by admitting the atomic structure of matter. 

The essence of the atomic theory is that matter is supposed to con- 
sist of an agglomeration of small and indivisible parts— atoms— which 
do not fill up the whole space occupied by a substance, but stand apart 
from each other, as the sun, planets, and stars do not fill up the whole 
space of the universe, but are at a distance from each other. The form 
and properties of substances are determined by the position of their 
atoms in space and by their state of motion, whilst the reactions ac- 
complished by substances are understood as redistributions of the 
relative positions of atoms and changes in their motion. The atomio 
representation of matter arose in very ancient times, 81 and up to recent 

81 Leucippus, Democritus, and especially Lucretius, in the classical ages, repre- 
sented matter as made up of atoms— that is, of parts incapable of further division. The 
geometrical impossibility of such an admission, as well as the conclusions which were 
deduced by the ancient atomists from their fundamental propositions, prevented other 
philosophers from following them, and the atomic doctrine, like very many others, lived, 
without being ratified by fact, in the imaginations of its followers. Between the present 
atomio theory and the doctrine of the above-named ancient philosophers there is 
naturally a remote historical connection, as between the doctrine of Pythagoras and 
Copernicus, but they are essentially different. For us the atom is indivisible, not in the 
geometrical abstract sense, but only in a physical and chemical sense. It would be better 
to call the atoms indivisible individuals. The Greek atom - the Latin individual, both 
according to the etymology and original sense of the words, but in course of time these two 
words have acquired a different meaning. The individual is mechanically and geometrically 
divisible, and only indivisible in a special sense. The earth, the sun, a man or a fly are 
individuals, although geometrically divisible. Thus the * atoms ' of contemporary science, 
indivisible in a chemical sense, form those units with which we are concerned in the in- 
vestigation of the natural phenomena of matter, just as a man is an indivisible unit in 
the investigation of social relations, or as the stars, planets, and luminaries serve as units in 
astronomy. The formation of the vortex hypothesis, in which, as we shall afterwards see* 
atoms are entire whirls mechanically complex, although physjcb-chemicslly indivisible, 
clearly shows that the scientific men of our time in holding to the atomic theory have 
only borrowed the word and form of expression from the ancient philosophers, and not the 
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times was at variance with the dynamical hypothesis, which considers 
matter as> only a manifestation of forces. At the present time, how- 
ever, the majority of scientific men uphold the atomic hypothesis, 

essence of their atomic doctrine. It is erroneous to imagine that the contemporary con- 
ceptions of the atomists are nothing bnt the repetition of the metaphysical reasonings 
of the ancients. To show the true meaning of the atomism of the ancient philosophers, and 
the profound difference between their points of argument and those of contemporary 
men of science, I cite the following fundamental propositions of Democritns (B.C. 470- 
860) as the best expounder of the atomic doctrine of the ancients :— (1) Nothing can 
proceed from nothing, nothing that exists can disappear or be destroyed (and hence 
matter), and every change only consists of a combination or separation. (2) Nothing is 
accidental, there is a reason and necessity for everything. (8) All except atoms and 
vacua is reason and not existence. (4) The atoms, which are infinite in number and 
form, constitute the visible universe by their motion, impact, and consequent re- 
volving motion. (5) The variety of objects depends only upon a difference in the 
number, form, and order of the atoms of which they are formed, and not upon a quali- 
tative difference of their atoms, which only act upon each other by pressure and impact. 
(6) The spirit, like fire, consists of minute, spherical, smooth, and very mobile and all* 
penetrating atoms, whose motion forms the phenomenon of life. These Democritian, 
chiefly metaphysical, principles of atomism are so essentially different from the prin- 
ciples of the present atomic doctrine, which is exclusively applied to explaining the phe- 
nomena of the external world, that it may be useful to mention the essence of tho 
atomic propositions of Boscovitch, a Slav who lived in the middle of the eighteenth 
century, and who is regarded as the founder of the modern atomic doctrines which, 
however, did not take hold upon the minds of scientific men, and were rarely applied 
prior to Dalton— i.«. until the beginning of the nineteenth century. The doctrine of 
Boscovitch was. enunciated by him in 1758-1764 in his ' Philoeophia naturalis theoria 
reducta ad unieam legem virium in natura exietentium.' Boscovitch considers 
matter to be composed of atoms, and the atoms io be the points or centres of forces (just 
as the stars and planets may be considered as points of space), acting between bodies and 
their parts. These, forces vary with the distance, so that beyond a certain very small 
distance all atoms, and hence also their aggregates, are attracted according to Newton's 
law, but at less distances, there alternate wave-like spheres of gradually decreasing 
attraction and increasing (as the distance decreases) repulsion, until at last at a minimum 
distance only the repellent action remains. Atoms, therefore, cannot merge into each 
other. Consequently, the atoms are held at a certain distance from each other, and 
therefore occupy space. Boscovitch compares the sphere of repulsion surrounding the 
atoms to the spheres of action of firing of a detachment of soldiers.' According 
to his doctrine, atoms are indestructible, do not merge into each other, have mass, 
are everlasting and mobile under the action of the forces proper to them. Maxwell 
rightly calls this hypothesis the • extreme ' among those existing to explain matter, but 
many aspects of Bosoovitch's doctrine repeat themselves in the views of our day, with 
this essential difference, that instead of a mathematical point furnished with the pro- 
perties of mass, the atoms are endowed with a corporality, just as the stars and planets 
are corporal, although in certain' aspects of their interaction they may be regarded 
as mathematical points. In my opinion, the atomism of our day must first of all 
be regarded merely as a convenient method for the investigation of ponderable 
matter. As a geometrician in reasoning about curves represents them as formed of a 
succession of right lines, because such a method enables him to analyse the subject 
under investigation, so the scientific man applies the atomic theory as a method of 
analysing the phenomena of nature. Naturally there are people now, as in ancient 
times, and as there always will be, who apply reality to imagination, and therefore 
there are to be found atomists of extreme views ; but it is not in their spirit that we 
should acknowledge the great services rendered by the atomic doctrine to all science. 
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although the present conception of an atom is quite different from that 
of the ancient philosophers. An atom at the present day is regarded 
rather as an individual or unit which is indivisible by physical 31 and 
chemical forces, whilst the atom of the ancients was actually mechanically 
and geometrically indivisible. When Dalton ( 1 804) discovered the law 
of multiple proportions, he pronounced himself in favour of the atomic 
doctrine, because it enables this law to be very easily understood. If 
the divisibility of every element has a limit, namely the atom, then the 
atoms of elements are the extreme limits of all divisibility, and if they 
differ from each other in their nature, the formation of a compound 
from elementary matter must consist in the aggregation of several 
different atoms into one whole or system of atoms, now termed 
particles or molecules. As atoms can only combine in their entire 
masses, it is evident that not only the law of definite composition, but 
also that of multiple proportions, must apply to the combination of 
atoms with one another; for one atom of a substance can combine 
with one, two; or three atoms of another substance, or in general one, 
two, three atoms of one substance are able to combine with one, two, 
or three atoms of another; this being the essence of the law of 
multiple proportions. Chemical and physical data are very well ex- 
plained by the aid of the atomic theory. The displacement of one 
element by another follows the law of equivalency. In this case one 
or several atoms of a given element take the place of one or several 
atoms of another element in its compounds. The atoms of different 
substances can be mixed together in the same sense as sand can be 
mixed with clay. They do not unite into one whole — i.e. there is not 
a perfect blending in the one or other case, but only a juxtaposition, a 
homogeneous whole being formed from individual parts. This is the 
first and most simple method of applying the atomic theory to the ex- 
planation of chemical phenomena. 19 

which, while it has been essentially independently developed, is, if it be desired to 
reduce all ideas to the doctrines of the ancients, a union of the ancient dynamical and 
atomic doctrines. 

89 Dalton and many of his successors distinguished the atoms of elements and com- 
pounds, in which they clearly symbolised the difference of their opinion from the repre- 
sentations of the ancients. Now only the individual* of the elements, indivisible by 
physical and chemical forces, are termed atoms, and the individuals of compounds in- 
divisible under physical changes are termed molecules ; these are divisible into atoms by 
chemical forces. 

• In the present condition of science, either the atomic -or the dynamical hypothesis 
is inevitably obliged to admit the existence of an invisible and imperceptible motion ia 
matter, without which it is impossible to understand either light or heat, or gaseous 
pressure, or any of the mechanical, physical, or chemical phenomena. The ancients 
saw vital motion in animals only, but to us the smallest particle of matter, endued with 
Si* tsoo, or energy in some degree or other, is incomprehensi bl e without self -existent 
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A certain number of atoms n of an element A in combining with 

several atoms m of another element B give a compound A* B w each 

motion. Thus motion has become a conception inseparably knit with the conception 
of matter, and this has prepared the ground for the revival of the dynamical hypothesis 
of the constitution of matter. In the atomic theory there has arisen that generalising 
idea by which the world of atoms is constructed, like the universe of heavenly bodies, - 
with its suns, planets, and meteors, endued with everlasting force of motion, forming 
molecules as the heavenly bodies form systems, like the solar system, which molecules 
are only relatively indivisible in the same way as the planets of the solar system are 
inseparable, and stable and lasting as the solar system it lasting. Such a representa- 
tion, without necessitating the absolute indivisibility of atoms, expresses all that science 
can require for an hypothetical representation of the constitution of matter. In closer 
proximity to the dynamical hypothesis of the constitution of matter is the oft-times 
revived vortex hypothetic. Descartes first endeavoured to raise it; Helmholtz and 
Thomson (Lord Kelvin) gave it a fuller and more modern form ; many scientific men 
applied it to physics and chemistry. The idea of vortex rings ssrves as the starting 
point of this hypothesis; these are familiar to all as the rings of tobacco smoke, and 
may be artificially obtained by giving a sharp blow to the sides of a cardboard box 
having a circular orifice and filled with smoke. Phosphuretted hydrogen, as we shall 
see later on, when bubbling from water always gives very perfect vortex rings in a still 
atmosphere. In such rings it is easy to observe a constant circular motion about their 
axes, and to notice the stability the rings possess in their motion of translation. This 
unchangeable mass, endued with a rapid internal motion, is likened to the atom. In a 
medium deprived of friction, such a ring, as is shown by theoretical considerations of the 
subject from a mechanical point of view, would be perpetual and unchangeable. The rings 
are capable of grouping together, and in combining, without being absolutely indivisible, 
remain indivisible. The vortex hypothesis has been established in our times, but it has 
not been fully developed ; its application to chemical phenomena is not clear, although 
not impossible ; it does not satisfy a doubt in respect to the nature of the space existing 
between the rings (just as it is not clear what exists between atoms, and between the 
planets), neither does it tell ns what is the nature of the moving substance of the ring, 
and therefore for the present it only presents the germ of an hypothetical conception of 
the constitution of matter; consequently, I consider that it would be superfluous to 
speak of it in greater detail. However, the thoughts of investigators are now (and 
naturally will be in the future), as they were in the time of Dalton, often turned to the 
question of the limitation of the mechanical division of matter, and the atomists have 
searched for an answer in the most diverse spheres of nature. I select one of the 
methods attempted, which does not in any way refer to chemistry, in order to show how 
closely all the provinces of natural science are bound together. Wollaston proposed the 
investigation of the atmoephere of the heavenly bodiee as a means for confirming the 
existence of atoms. If the divisibility of matter be infinite, then air must extend 
throughout the entire space of the heavens as it extends all over the earth by its elasticity 
and diffusion. If the infinite divisibility of matter be admitted, it is impossible that any 
portion of the whole space of the universe can be entirely void of the component parts of 
our atmosphere. But if matter be divisible up to a certain limit only — namely, up to the 
atom— then there can exitt a heavenly body void of an atmosphere ; and if such a body 
be discovered, it would serve as an important factor for the acceptation of the validity of 
the atomic doctrine. The moon has long been considered as such a luminary and this 
circumstance, especially from its proximity to the earth, has been cited as the best proof 
Of the validity of the atomic doctrine. This proof is apparently (Poisson) deprived of 
some of its force from the possibility of the transformation of the component parts of 
our atmosphere into a solid or liquid state at immense heights above the earth's surface, 
where the temperature is exceedingly low ; but a series of researches (Pouillet) has shown 
that the temperature of the heavenly space is comparatively not so very low, and is 
attainable by experimental means, so that at the low existing pressure the liquefaction 
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molecule of which will contain the atoms of the elements A and B in 
this ratio, and therefore the compound will present a definite competition, 

of the gases of the atmosphere cannot he expected even on the moon. Therefore the 
absence of en atmosphere about the moon, if H were not subject to doubt, would be 
counted as a forcible proof of the atomic theory. At a proof of the absence of a lunar 
atmosphere, it is cited that the moon, in Ks independent motion between the stars, wheat 
eclipsing a st a g that is, when passing between the eye and the star— does not show any) 
signs of refraction at its edge ; the image of the star does not alter its position in the 
heavens on approaching the moon's surface, consequently there is no atmosphere on the 
moon's surface capable of refracting the rays of light 8uch is the conclusion by which 
the absence of a lunar atmosphere is acknowledged- But this conclusion is most feeble, 
and there are even facts in exact contradiction to it, by which the existence of a lunar 
atmosphere may be proved. The entire surface of the moon is covered with a number of 
mountains, having in the majority of cases the conical form natural to volcanoes. The 
volcanic character of the lunar mountains was confirmed in October 1866, when a change 
was observed in the~form of one of them (the crater Linnea). These mountains must 
be on the edge of the lunar disc Been in profile, they screen one another and inter- 
fere with observations on the surface of the moon, so that when looking at the edge of 
the lunar disc we are obliged to make our observations not on the moon's surface, but 
at the summits of the lunar mountains. These mountains are higher than those on 
our earth, and consequently at their summits the lunar atmosphere must be exceedingly 
rarefied even if it possess an observable density at the surface. Knowing the mass of 
the moon to be eighty-two times less than the mass of the earth, we are able to determine 
approximately that our atmosphere at the moon's surface would be about twenty- 
eight times lighter than it is on the earth, and consequently at the very surface of the 
moon the refraction of light by the lunar atmosphere must be very slight, and at the 
.heights of the lunar mountains it must be imp ercep t ible, and would be lost within the 
limits of experimental error. Therefore the absence of refraction of light at the edge of 
the moon's disc cannot yet be urged in favour of the absence of a lunar atmosphere. 
There is even a series of observations obliging us to admit the existence of this atmo- 
sphere. These researches are due to 8ir John HerscheL This is what he writes: 'It has 
often been remarked that during the eclipse of a star by the moon there occurs a peculiar 
optical illusion ; it seems as if the star before disappearing passed over the edge of the 
moon and is seen through the lunar disc, sometimes for a rather long period of time. I 
myself have observed this phenomenon, and it hss been witnessed by perfectly trust- 
worthy observers. I ascribe it to optical illusion, but it must be admitted that the star 
might have been seen on the lunar disc through some deep ravine on the moon.' Geniller, 
in Belgium (1856), following the opinion of Cassini, Eiler, and others, gave an explana- 
tion of this phenomenon.: he considers it due to the refraction of light in the valleys of 
the lunar mountains which occur on the edge of the lunar disc In fact, although these 
valleys do not probably present the form of straight ravines, yet it may sometimes 
happen that the light of a star is so refracted that its image might be seen, notwith- 
standing the absence of a direct path for the light-rays. He then goes on to remark 
that the density of the lunar atmosphere must be variable in different parts, owing to 
the very long nights on the moon. On the dark, or non-illuminated portion, owing to 
these long nights, which last thirteen of our days and nights, there must be excessive cold, 
and hence a denser atmosphere, while, on the contrary, on the illuminated portion the 
atmosphere must be much more rarefied. This variation in the temperature of the 
different parts of the moon's surface explains also the absence of clouds, notwithstanding 
the possible presenoe of sir and aqueous vapour, on the visible portion of the moon. The 
presence of an atmosphere round the sun and planets, judging from astronomical observa- 
tions, may be considered as fully proved. On Jupiter and Mars even bands of clouds 
may be distinguished. Thus the atomic doctrine, admitting a finite mechanical divi- 
sibility only, must be, as yet at least, only accepted as a means, similar to that means 
which a mathematician employs when he breaks up a continuous curvilinear line into a 
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expressed by the formula A^B^, where A and B are the weights of the 
atoms and n and m their relative number. If the same elements A 
and B, in addition to A K B My also yield another compound A,JB«> then 
by expressing the composition of the first compound by A^*, (and this 
is the same composition as A N B M ), and of the second compound by 
Ar.Bj,, we have the law of multiple proportions, because for a given 
quantity of the first element, A„, there occur quantities of the second 
element bearing the same ratio to each other as mr is to qn ; and 
as m, r, q, and n are whole numbers, their products are also whole 
numbers, and this is expressed by the law of multiple proportion 
Consequently the atomic theory is in accordance with and evokes the 
first laws of definite chemical compounds : the law of definite composi- 
tion and the law of multiple proportions. 

So, also, is the relation of the atomic theory to the third law of de- 
finite chemical compounds, the law of reciprocal combining weights, 
which is as follows : — If a certain weight of a substance C combine 
with a weight a of a substance A, and with a weight 6 of a substance 
B, then, also, the substances A and B will combine together in quanti- 
ties a and b (or in multiples of them). This should be the case from 
the conception of atoms. Let A, B, and C be the weights of the atoms 
of the three substances, and for simplicity of reasoning suppose that 
combination takes place between single atoms. It is evident that if 
the substance gives AC and BC, then the substances A and B will 
give a compound AB, or their multiple, A»B M . And so it is in reality 
in nature. 

Sulphur combines with hydrogen and with oxygen. Sulphuretted 
hydrogen contains thirty-two parts by weight of sulphur to two parts 
by weight of hydrogen ; this is expressed by the formula H«S. Sul- 
phur dioxide, SO,, contains thirty-two parts of sulphur and thirty -two 
parts of oxygen, and therefore we conclude, from the law of combining 
weights, that oxygen and hydrogen will combine, in the proportion of 
two parts of hydrogen and thirty-two parts of oxygen, or multiple 
numbers of them. And we have seen this to be the case. Hydrogen 
peroxide contains thirty-two parts of oxygen, and water sixteen parts, 
to two parts of hydrogen ; and so it is in all other cases. This con- 
sequence of the atomic theory is in accordance with nature, with the 
results of analysis, and is one of the most important laws of chemistry. 
It is a law, because it indicates the relation between the weights of 
substances entering into chemical combination. Further, it is an 

number of straight lines. There is e simplicity of representation, in atoms, bat there Is 
no absolute necessity to have recourse to them. The conception of the individuality of 
the (arts of matter exhibited in ohemkal elements only is necessary and trustworthy. 
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eminently exact law, and not an ap p roxim ate one* The law of coat* 
bining weights is a low of nature! and by no means an hypothesis, far 
even if the entire theory of atoms be refuted, still the laws of multiply 
proportions and of combining weights will remain, inasmuch aa thew^ 
deal with facts. They may be guessed at from the sense of the atomier 
theory, and historically the law of combining weights is intimately 
connected with this theory; bat they are not identical, bat cnrr* 
connected, with it Hie law of combining weights is formulated with 
great ease, and is an immediate consequence of the atomic theory j 
without it, it is even difficult to understand. Data for its evolution 
existed previously, but it was not formulated until those data were in- 
terpreted by the atomic theory, an hypothesis which up to the present 
time has contradicted neither experiment nor fact, and is useful and 
of general application. Such is the nature of hypotheses. They are 
indispensable to science ; they bestow an order and simplicity which 
are difficultly attainable without their aid. The whole history of 
science is a proof of this. And therefore it may be truly said that it 
is better to hold to an hypothesis which may afterwards prove untrue 
than to have none at all. Hypotheses facilitate scientific work and 
render it consistent. In the search for truth, like the plough of the 
husbandman, they help forward the work of the labourer. 
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CHAPTER V 

HITBOGBN AND AIB 

OAB80U8 nitrogen forms about four.fifths (by volume) of the atmo- 
sphere ; consequently the air contains an exceedingly large mass of it. 
Whilst entering in so considerable a quantity into the composition of 
air, nitrogen does not seem to play any active part in the atmosphere, 
the chemical action of which is mainly dependent on the oxygen it con- 
tains. But this is not an entirely correct idea, because animal life 
cannot exist in pure oxygen, in which animals pass into an abnormal 
state and die; and the nitrogen of the air, although slowly, forms 
diverse compounds, many of which play a most important part in 
nature, especially in the life of organisms. However, neither plants * 
nor animals directly absorb the nitrogen of the air, bat take it up 
from already prepared nitrogenous compounds ; further, plants are 
nourished by the nitrogenous substances contained in the soil and 
water, and animals by the nitrogenous substances contained in plants 
and in other animals. Atmospheric electricity is capable of aiding the 
passage of gaseous nitrogen into nitrogenous compounds, as we shall 
afterwards see, and the resultant substances are carried to the soil 
by rain, where they serve for the nourishment of plants. Plentiful 
harvests, fine crops of hay, vigorous growth of trees—other conditions 
being equal— are only obtained when the soil contains ready prepared 
nitrogenous compounds, consisting either of those which occur in air 
and water, or of the residues of the decomposition of other plants or 
animals (as in manure). The nitrogenous substances contained in 
animals have their origin in those substances which are formed in 
plants. Thus the nitrogen of the atmosphere is the origin of all the 
nitrogenous substances occurring in animals and plants, although not 
directly so, but after first combining with the other elements of air. 

The nitrogenous compounds which enter into the composition of plants 
and animals are of primary importance ; no vegetable or animal cell — that 
is, the elementary form of organism— exists without containing a nitro- 

* 8m Note 15 **. 
♦11 
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genous substance, and moreover organic life manifests itself primarily 
in these nitrogenous substances. The germs, seeds, and those parts by 
which oells multiply themselves abound in nitrogenous substances ; the 
sum total of the phenomena which are proper to organisms depend 
primarily on the chemical properties of the nitrogenous substances which 
enter into their composition. It will be sufficient, for instance, to point 
out the fact that vegetable and animal organisms, clearly distinguish- 
able as such, are characterised by a different degree of energy in their 
nature, and at the same time by a difference in the amount of nitro- 
genous substances they contain. In plants, which compared with 
animals possess but little activity, being incapable of independent 
movement, <fcc, the amount of nitrogen is very much less than 
in animals, whose tissues are almost exclusively formed of nitro- 
genous substances. It is remarkable that the nitrogenous parts of 
plants, chiefly of the lower orders, sometimes present both forms and 
properties which approach to those of animal organisms ; for example, 
the zoospores of seaweeds, or those parts by means of which the latter 
multiply themselves. These zoospores on leaving the seaweed in many 
respects resemble the lower orders of animal life, having, like the latter, 
the property of moving. They also approach the animal kingdom in 
their composition, their outer coating containing nitrogenous matter. 
Directly the zoospore becomes covered with that non -nitrogenous or 
cellular coating which is proper to all the ordinary cells of plants, it 
loses all resemblance to an animal organism and becomes a small plant. 
It may be thought from this that the cause of the difference in the 
vital processes of animals and plants is the different amount of nitroge- 
nous substances they contain. The nitrogenous substances which occur 
in plants and animals appertain to a series of exceedingly complex 
and very changeable chemical compounds ; their elementary composi- 
tion alone shows this ; besides nitrogen, they contain carbon, hydrogen, 
oxygen, and sulphur. Being distinguished by a very great instability 
under many conditions in which other compounds remain unchanged, 
these substances are titted for those perpetual changes which form the 
first condition of vital activity. These complex and changeable nitro- 
genous substances of the organism are called proteid substances. The 
white of eggs is a familiar example of such a substance. They are also 
contained in the flesh of animals, the curdy elements of milk, the 
glutinous matter of wheaten flour, or so-called gluten, which forms the 
chief component of macaroni, &c. 

Nitrogen occurs in the earth's crust, in compounds either forming 
the remains of plants and animals, or derived from the nitrogen of the 
atmosphere as a consequence of its combination with the other 
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ponent parts of the air. It is not found in other forms in the earth's 
crust ; so that nitrogen must be considered, in contradistinction to 
oxygen, as an element which is purely superficial, and does not extend 
to the depths of the earth. 1 **• 

Nitrogen is liberated in a free state in the decomposition of the 
nitrogenous organic substances entering into the composition of 
organisms— for instance, on their combustion. All organic substances 
burn when heated to redness with oxygen (or substances readily yield* 
ing it, such as oxide of copper) ; the oxygen combines with the carbon, 
sulphur, and hydrogen, and the nitrogen is evolved in a free state, 
because at a high temperature it does not form any stable compound, 
but remains uncombined. Carbonic anhydride and water are formed 
from the carbon and hydrogen respectively, and therefore to obtain pure 
nitrogen it is necessary to remove the carbonic anhydride from the 
gaseous products obtained. This may be done very easily by the action 
of alkalis— for instance, caustic soda. The amount of nitrogen in 
organic substances is determined by a method founded on this. 

It is also very easy to obtain nitrogen from air, because oxygen 
combines with many substances. Either phosphorus or metallic copper 
is usually employed for removing the oxygen from air, but, naturally, 
a number of other substances may also be used. If a small saucer on 
which a piece of phosphorus is laid be placed on a cork floating on 
water, and the phosphorus be lighted, and the whole covered with a 
glass bell jar, then the air under the jar will he deprived of its oxygen, 
and nitrogen only will remain, owing to which, on cooling, the water 
will rise to a certain extent in the bell jar. The same object (procuring 
nitrogen from air) is attained much more conveniently and perfectly 
by passing air through a red-hot tube containing copper filings. At a 
red heat, metallic copper combines with oxygen and gives a black 
powder of copper oxide If the layer of copper be sufficiently long and 
the current Of air slow, all the oxygen will bo absorbed, and nitrogen 
alone will pass from the tube. 9 

i tfe The reason why there are no other nitrogenous substances within the earth's 
mats beyond those which have come there with the remains of organisms, and from the 
air with rain-water, mast be looked for in two circumstances. In the first place, in the 
instability of many nitrogenous compounds, which are liable to break up with the forma- 
tion of gaseous nitrogen ; and in the second place in the fact that the salts of nitrio acid, 
forming the product of the action of air on many nitrogenous and especially organio 
compounds, are very soluble in water, and on penetrating into the depths of the earth 
(with water) give tip their oxygen. The result of the changes of the nitrogenous organio 
substances which fall into the earth is without doubt frequently, if not invariably, the 
formation of gaseous nitrogen. Thus the gas evolved from coal always contains moon 
nitrogen (together with marsh gas, carbonic anhydride, and other gases). 

* Copper (best as turnings, which present a large surface) absorbs oxygen, forming 
CuO, at the ordinary temperature in the presence of solutions of acids, or, better still, in 
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Nitrogen may also be procured from man/ of it* compounds with 
oxygen* and hydrogen,* but the best fitted for this purpose is a saline 
mixture containing, on the one hand, a compound of nitrogen with 
oxygen, termed nitrous anhydride, N s O„ and on the other hand, 
ammonia, NH 3 — that is, a compound of nitrogen with hydrogen. By 
heating such a mixture, the oxygen of the nitrous anhydride combines 
with the hydrogen of the ammonia, forming water, and gaseous nitrogen 
is evolved, 2NH, + N,0 3 = 3H,0 + N 4 . Nitrogen is procured by 
this method in the following manner : — A solution of caustic potash is 
saturated with nitrous anhydride, by which means potassium nitrite is 
formed. On the other hand, a solution of hydrochloric acid saturated 
with ammonia is prepared ; a saline substance called sal-ammoniac, 
NH 4 C1, is thus formed in the solution. The two solutions thus pre- 
pared are mixed together and heated. Reaction takes place according 
to the equation KKO, + NH 4 C1 = KC1 + 2H,0 + N,. This reaction 
proceeds in virtue of the fact that potassium nitrite and ammonium 
chloride are salts which, on interchanging their metals, give potassium 
chloride and ammonium nitrite, NH 4 NO s , which breaks up into water 
and nitrogen. This reaction does not take place without the aid of 
beat, bat it proceeds very easily at a moderate temperature. Of the 
resultant substances, the nitrogen only is gaseous. Pure nitrogen may 
be obtained by drying the resultant gas and passing it through a solu- 
tion of sulphuric acid (to absorb a certain quantity of ammonia which 
is evolved in the reaction). 4 **• 

the presence of a eolation of ammonia, when it forms a bluish-violet solution of oxide 
of copper in ammonia. Nitrogen is very easily procured by this method. A flask filled 
with copper turnings is closed with a cork furnished with a funnel and stopcock. A 
solution of ammonia is poured into the funnel, and caused to drop slowly upon the 
copper If at the same time a current of air be slowly passed through the flask (from a 
gasholder), theu all the oxygen will be absorbed from it and the nitrogen will pass from 
the flask. It should be washed with water to retain any ammonia that may be carried 
off with it 

* The oxygen compounds of nitrogen (for example, N 2 0, NO, N0 3 ) are decomposed 
at a red heat by themselves, and under the action of red-hot copper, iron, sodium, &c, 
they give up their oxygen to the metals, leaving the nitrogen free. According to Meyer 
and Langer (1885), nitrous oxide, N,0, decomposes below 900°, although not completely 

< Chlorine and bromine (in excess), as well as bleaching powder (hypochlorites), take 
up the hydrogen from ammonia, NH 8 , leaving nitrogen. Nitrogen is best procured from 
ammonia by the action of a solution of sodium hypobromite on solid sal-ammoniac. 

4 bto Lord Rayleigh in 1894, when determining the weight of a volume of carefully 
purified nitrogen by weighing it in one and the same globe, found that the gas obtained 
from air, by the action of incandescent copper (or iron or by removing the oxygen by 
ferrous oxide) was always jfo heavier than the nitrogen obtained from its compounds, 
for instance, from the oxide or suboxide of nitrogen, decomposed by incandescent pul- 
verulent iron or from the ammonia salt of nitrous acid. For the nitrogen procured from 
air, he obtained, at 0° and 760*4 mm. pressure, a weight - 2810 grms., while for the 
nitrogen obtained from its compounds, 2*399 grans. This difference of about jfo could 
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Nitrogen Is a gaseous substance which does not differ much in 
physical properties from air ; its density, referred to hydrogen, is 
approximately equal to 14 — that is, it is slightly lighter than air, its 
density referred to air being 0*972 ; one litre of nitrogen weighs 1*257 
gram. Nitrogen mixed with oxygen, which is slightly heavier than 
air, forms air. It is a gas whicli, like oxygen and hydrogen, is 
liquefied with difficulty, and is but little soluble in water and other 
liquids. Its absolute boiling point 6 is about — 140* • above this 
temperature it is not liquefiable by pressure, and at lower tempera- 
tures it remains a gas at a pressure of 50 atmospheres. Liquid 
nitrogen boils at — 193°, so 'that it may be employed as a source of 
great cold, At about — 203°, in vaporising under a decrease of pros* 
sure, nitrogen solidifies into a colourless snow-like mass. Nitrogen 
does not burn, 6 bli does not support combustion, is not absorbed by any 
of the reagents used in gas analysis, at least at the ordinary tempera- 
ture — in a word, it presents a whole series of negative chemical 
properties ; this is expressed by saying that this element has no energy 
for combination. Although it is capable of forming compounds both 
with oxygen and hydrogen as well as with carbon, yet these com- 
pounds are only formed under, particular circumstances, to which we 
will directly turn our attention. At a red heat nitrogen combines 
with boron, titanium, and silicon, barium, magnesium, <fcc., forming 
very stable nitrogenous compounds, 6 whose properties are entirely 
different from those of nitrogen with hydrogen, oxygen and carbon. 
However, the combination of nitrogen with carbon, although it does 
not take place directly between the elements at a red heat, yet proceeds 
with comparative ease by heating a mixture of charcoal with an 
alkaline carbonate, especially potassium carbonate or barium carbonate, 

not be explained by the nitrogen not having been well purified, or by inaccuracy ot ex* 
periment, and was the means for the remarkable discovery of the presence of a heavy 
gas in air, which will be mentioned in Note 16 bto . 

s 8ee Chapter IX Note 89. 

• w» See Note 11 **. 

8 The combination of boron with nitrogen is accompanied by the evolution of suffi- 
cient heat to raise the mass to redness ; titanium combines so easily with nitrogen that it 
U difficult to obtain it free from that element ; magnesium easily absorbs nitrogen at a 
led heat. It is a remarkable and instructive fact that these compounds of nitrogen are 
very stable and non-volatile. Carbon (C = 19) with nitrogen gives cyanogen, CaN* which 
is gaseous and very unstable, and Whose molecule is not large, whilst boron (B»ll) 
forms a nitrogenous compound which is solid, non- volatile, and very stable. Its compo- 
sition, BN, is similar to that of cyanogen, but its molecular weight, B.N., is 
probably greater. Its composition, like that of N 9 Mg3, NNa$, N,Hg $ and of many o! 
the metallic nitrides, corresponds to ammonia with the substitution of all its hydrogen 
by a metal. In my opinion, a detailed study of the transformations of the nitrides now 
known, should lead to the discovery of many facts in the history of nitrogen. 
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to redness, carbo-nitrides or cyanides of the metals being formed ; for 
Instance, K t CO, + 40 + V t m 2KCN + SCO. 1 

Nitrogen is found with oxygen in the sin bat they do not readily 
combine. Cavendish, however, in the last century, showed that 
nitrogen combines with oxygen under the influence of a eerie* of electric 
eparks. Electric sparks in passing through a moist • mixture of nitro- 
gen and oxygen cause these elements to combine, forming reddish- 
brown fumes of oxides of nitrogen, 9 which form nitric acid, 10 Nfi0 3 v" 
The presence of the latter is easily recognised, not only from its 
reddening litmus paper, but also from its acting as a powerful oxidiser 
even of mercury. Conditions similar to these occur in nature, during a 

f This reaction, so far as is known, does not proceed beyond a certain limit, probably 
became cyanogen, CN, itself breaks up into carbon and nitrogen. 

* Fre*my and Becquerel took dry air, and obsenred the formation of brown vapours of 
oxides of nitrogen on the passage of sparks. 

• If a mixture of one volume of nitrogen and fourteen volumes of hydrogen be burnt, 
then water and a considerable quantity of nitric acid are formed. It may be partly due 
to this that a certain quantity of nitric acid is produced in the slow oxidation of nitro-, 
genous substances in an excess of air. This is especially facilitated by the presence of 
an alkali with which the nitric acid formed can combine. If a galvanic current be passed 
through water containing the nitrogen and oxygen of the air in solution, then the hydro, 
gen and oxygen set free combine with the nitrogen, forming ammonia and nitric acid. 

When oopper is oxidised at the expense of the air at the ordinary temperature in the 
presence of ammonia, oxygen is absorbed, not only for combination with the copper, but 
also for the formation of nitric acid. 

The combination of nitrogen with oxygen, even, for example, by the action of electrio 
sparks, is not accompanied by an explosion or rapid combination, as in the action of a 
spark on a mixture of oxygen and hydrogen. This is explained by the fact that heat is 
not evolved in the combination of nitrogen with oxygen, but is absorbed— an expenditure 
of energy is required, there is no evolution of energy. In fact, there will not be the 
transmission of heat from partiole to particle which occurs in the explosion of deto- 
nating gas. Each spark will aid the formation. of a certain quantity of the compound 
of oxygen and nitrogen, but will not excite the same in the neighbouring particles, In 
other words, the combination of hydrogen with oxygen is an exothermal reaction, and 
the combination of nitrogen with oxygen an endothermal reaction. 

A condition particularly favourable for the oxidation of nitrogen is the explosion of 
detonating gas and air if the former be in exceu. If a mixture of two volumes of 
detonating gas and one volume of air be exploded, then one-tenth of the air is converted 
Into nitrio acid, and consequently after the explosion has taken place there remain ionly 
nine-tenths of the volume of air originally taken. If a large proportion of air be taken— 
for instance, four volumes of air to two volumes of detonating gas— then the tempera- 
ture of the explosion is lowered, the volume of air taken remains unchanged, and no 
nitrio acid is formed. This gives a rule to be observed in making use of the eudio- 
meter—namely th%t to weaken the force of the' explosion not less than an equal volume 
of air should be added to the explosive mixture. On the other hand a large excess most 
not be taken as no explosion would then ensue (see Chapter III. Note 84). Probably in 
the future means Will be found for obtaining compounds of nitrogen on a large industrial 
scale by the aid of electrio discharges, and by making use of the inexhaustible mass of 
nitrogen in the atmosphere. 

10 In reality nitrio oxide, NO, is first formed, but with oxygen and water it gives 
(brown fumes) nitrous anhydride, which, as we shall afterwards learn, in the presence of 
water and oxygen gives nitrio acid. 
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thunderstorm or in other electrical discharges which take place in the 
atmosphere ; whenoe it may be taken for granted that air and rain-water 
always contain traces of nitric and nitrous acids. 11 Besides which 
Orookes (1892) showed that under certain circumstances and when 
electricity of high potential 11 *• passes through the air, the com- 
bination of nitrogen with oxygen is accompanied by the formation of 
a true flame. This was also observed previously (1880) during the 
passage of electrical discharges through the air. 

Further observations showed that under the influence of electrical 
discharges, 11 silent as well as with sparks, nitrogen is able to enter into 
many reactions with hydrogen and with many hydrocarbons ; although 
these reactions cannot be effected by exposure to a red heat Thus, 
for instance, a series of electric sparks passed through a mixture of 
nitrogen and hydrogen causes them to combine and form ammonia ls 
or nitrogen hydride, NH„ composed of one volume of nitrogen and 
three volumes of hydrogen. This combination is limited to the forma- 
tion of 6 per cent, of ammonia, because ammonia is decomposed, 
although not entirely (ffo) by electric sparks. This signifies that under 
the influence of an electrical discharge the reaction NU 3 = N + 3H 
is reversible, consequently it is a dissociation, and in it a state of 
equilibrium is arrived at. The equilibrium may be destroyed by the 
addition of gaseous hydrochloric acid, HOI, because with ammonia it 
forms a solid saline compound, sal-ammoniac, NH 4 C1, which (being 
formed from a gaseous mixture of 3H, N, and HC1) fixes the ammonia. 
The remaining mass of nitrogen and hydrogen, under the action of the 

11 The nitric acid contained in the toil, river water (Chapter I., Note a), well*, &c, 
proceeds (like earbonio anhydride) from the oxidation of organic compounds which have 
fallen into water, soil, &c. 

11 bk Crookea employed a current of 15 amperes and 65 volts, and passed it through 
an induction coil with 880 vibrations per second, and obtained a flame between the poles 
placed at a distance of 46 mm. which after the appearance of the arc and flame could 
be increased to 200 mm. A platinum wire fused in the flame. 

u This property of nitrogen, which under normal conditions is inactive, leads to the 
idea that under the influence of an electric discharge gaseous nitrogen changes in its 
properties ; if not permanently like oxygen (electrolysed oxygen or ozone does not react 
on nitrogen, according to Berthelot), it may be temporarily at the moment of the action 
of the discharge, just as some substances under the action of heat are permanently 
affected (that is, when once changed remain so— for instance, white phosphorus passes 
into red, <fec), whilst others are only temporarily altered (the dissociation of S« into S* 
or of sal-ammoniac into ammonia and hydrochloric acid). Such a proposition is favoured 
by the fact that nitrogen gives two kinds of spectra, with which we shall afterwards 
become acquainted. It may be that the molecules N 3 then give less complex molecules, 
N containing one atom, or form a complex molecule N 5 , like oxygen in passing into 
osone. Probably under a silent discharge the molecules of oxygen, 0* are partly decom- 
posed and the individual atoms O combine with O*, forming osone, Oj. 

b This reaction, discovered by Chabrie and investigated by Thensrd, was only rightly 
understood when Deville applied the principles of dissociation to it. 




Digitized by 



Google 



Jta 




* *••--, * 



^ *■*--.„ 

-* '--*... 







~* * *.n, ,-,-r. f x,..,'-.r.. ..a r...-.r-at*. -ber«cre -he nfecs 3 * 



** ' ><*}* H* ,.,»-. .*r.' t« owl u* 'ar u yawt^e i cearMg usi "vcad r^aa 

^^ . **■ u.;^- ,f ,iax-t« -•*#* ",r,^»<i -til 'B« na«r'crai 1 ^iajm* » 

^ nj^^T^*** tn, -*«w.*». *;,. t .** *A*n ./-.fur md -ro**«ealT .bwnd -jm *h» «ac-nrt 

**** *** : * • wtiMtAd #itJj 'h* torawttoa of p*errH*r acdxuAr nvulis^s Jt tte» 

-**** r T*-*«f*»rti* ywailA^r m*» »M" ' "" "- b -*«P»' **n«fc cofaatei the <wj 

> 4»p*U« <rf UjawfoUMr utJW^EU frran tfc» ur, t^. rrf ujmttm y rt 

Th» team* otf ptaat yhj a u l o gj , winch tern mojba pn^ 



Digitized by 



Google 



N1TB0OEK AND Alft 281 

bydrogen or oxygen, we may, without the aid of organisms, obtain, as 
will afterwards be partially indicated, most diverse and complex 
nitrogenous substances, which cannot by any means be formed directly 
from gaseous nitrogen. In this we see an example not only of the 
difference between an element in the free state and an intrinsic element, 
but also of those circuitous or indirect methods by which substances 
are formed in nature. The discovery, prognostication, and, in general, 
the study of such indirect methods of the preparation and formation of 
substances forms one of the existing problems of chemistry. From the 
fact that A does not act at all on B, it must not be concluded that a 
compound AB is not to be formed. The substances A and B contain 
atoms which occur in AB, but their state or the nature of their motion 
may not be at all that which is required for the formation of AB, 
and in this substance the chemical state of the elements may be as 
different as the state of the atoms of oxygen in ozone and in water. 
Thus free nitrogen is inactive ; but in its compounds it very easily 
enters into changes and is distinguished by great activity. An acquaint- 
ance with the compounds of nitrogen confirms this. But, before 
entering on this subject, let us consider air as 'a mass containing free 
nitrogen. 

Judging from what has been already stated, it will be evident that 
atmospheric air 16 contains a mixture of several gases and vapours. 
Some of them are met with in it in nearly constant proportions, whilst 
others, on the contrary, are very variable in their amount. The chief 

qt the important part played by micro-organisms in nature, cannot be discussed in 
this work, but it should be mentioned, since it is of great theoretical and practical 
interest, and, moreover, phenomena of this kind, which have recently been discovered, 
promise to explain, to some extent at least, certain of the complex problems concerning 
the development of life on the earth. 

10 Under the name of atmospheric air the chemist and physicist understand ordinary 
air containing nitrogen and oxygen only, notwithstanding that the other component parts 
of air have a very important-influence on the living matter of the earth's surface. That 
air is so represented in science is based on the fact that only the two components above- 
named are met with in air in a constant quantity, whilst the others are variable. The 
solid impurities may be separated from air required for chemical or physical research 
by simple filtration through a long layer of cotton- wool placed in a tube. Organic im- 
purities are removed by passing the sir through a solution of potassium permanganate. 
The carbonic anhydride contained in air is absorbed by alkalis— best of all, soda-lime, 
which in a dry state in porous lumps absorbs it with exceeding rapidity and complete- 

. ness. Aqueous vapour is removed by passing the air over calcium chloride, strong sul- 

'phurio acid, or phosphoric anhydride. Air thus purified is accepted as containing only 
nitrogen and oxygen, although in reality it still contains a- certain quantity of hydrogen 

, And hydrocarbons, from which it may be purified by passing over copper oxide heated to 
redness. The copper oxide then oxidises the hydrogen and hydrocarbons— it burns them, 
forming water and carbonic anhydride, which may be removed as above described. When 
H is said that in the determination of the density of gases the weight of air is taken as 

i unity, it is understood to be such air, containing only nitrogen and oxygen. 
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eomponeal pares of air, planed In the order of their 
are the following: nitrogen, 16 ** oxygen, aqueous Tanour, carsonta 
anhydride, nitric odd, salts of ammonia ) asides of nitrogen, end aleo 
oaone, hydrogen peroxide, and c ompl e x organic nitrogenous whrtanoaa. 
Besides these, air generally containa water, aa spray, drape, end snow, 
end partiolea of solids, perhapa of ooamic origin in certain mstenees, 
but in the majority of oaaaa proceeding from the mechanical translation 
of solid particles from one locality to another by the wind. These small 
aohd and liquid partielea (hering a large surface in prop o rtion to their 
we ight) are suspended in air aa ootid matter is suspended in turbid water ; 
they often settle on the surface of the earth, but the air is nerer entirely 
free from them because they are never in a atate of complete rest. 
Then, air not unfreqnehtly containa incidental traces of various sub- 
stances as everyone knows by experience. These incidental substances 
sometimes belong to the order of those which act injuriously, the germs 
of lower organisms — for instance of moulds— and the class of carriers 
of infectious diseases* 

In the air of the various countries of the earth, at different longi- 
tudes and at different altitudes above its surface, on the ocean or on the 
dry land — in a word, in the air of most diverse localities of the earth — 
the oxygen and nitrogen are found everywhere to be in a constant ratio. 
This is, moreover, self-evident from the fact that the air constantly 
diffuses (intermixes by virtue of the internal motion of the gaseous 
particles) and is also put into motion and intermixed by the wind, by 
which processes it is equalised in its composition over the entire surface 
«# tit* oai-th Xn those localities where the air is subject to change, 
and is in a more or less enclosed space, or, at any rate, in an un ventilated 
space, it may alter very considerably in its composition. For this 
reason the air in dwellings, cellars, and wells, in which there are 
substances absorbing oxygen, contains less of this gas, whilst the air on 

4 Mt Thank* to the remarkable discovery made in the trimmer of 1894 by Lord Ray- 

leifh and Prof. Btmsay, the well-known component elements of air most now be suppls* 

Dy 1 p-e- (by volume) of a heavy gas (density about 19, H-l\ inactive like nitre- 

I. Kvered in the researches made by Lord Rayleigh on the density of 

ned in note 4 *». Up to the present time this gms has been always 

•' sr with nitrogen, because it combines with neither the hydrogen m 

Of with the copper in the gravimetric method of determining the com* 

-. . id therefore has* always remained with the nitrogen. It has been 

' I it from nitrogen since magnesium absorbs nitrogen at a red heat, 

tins unabeorbed, and was found to have a density nearly one and a 

r • »an that of nitrogen (U it not a polymer of nitrogen, N 5 ?). It is now 

is gas gives a luminous spectrum, which conUins the bright blue has 

Ktrmn of nitrogen. Owing to the fact that it is an exceedingly inert 

ore so than nitrogen, it has been termed Argon. Further reference 

n the appendix. 
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the surface of standing water, whioh abounds in the lower orders of 
plant life evolving oxygen, contains an excess of this gas. 17 The 
constant composition of air over the whole surface of the earth has 
been proved by a number of most careful researches. 18 

The analysis of air is effected by converting the oxygen into a non- 
gaseous compound, so as to separate it from the air. The original 

17 As * further proof of the fact that certain circumstances may change the com* 
position of air, it will be enough to point out that the air contained in the cavities of 
glaciers contains only up to 10 p.o. of oxygen. This depends on the fact that at low 
temperatures oxygen is much more soluble in snow-water and snow than nitrogen. When 
shaken up with water the composition of air should change, because the water dissolves 
unequal quantities of oxygen and nitrogen. We have already seen (Chapter I.) that 
the air boiled off from water saturated at about 0° contains about thirty-five volumes 
of oxygen and sixty-five volumes of nitrogen, and we have considered the reason of 
this. 

18 The analysis of air by weight conducted by Dumas and Boussingault in Paris, 
which they repeated many times between April 27 and September 22, 1841, under various 
conditions of weather, showed that the amount by weight of oxygen only varies between 
22*89 p.c. and 28*08 pa, the average amount being 23*07 p.c. Brunner, at Bern in 
Switzerland, and Bravais, at-Faulhorn in the Bernese Alps, at a height of two kilometres 
above the level of the sea, Marignac at Geneva, Lewy at Copenhagen, and Staa at 
Brussels, have analysed the air by the same methods, and found that its composition 
does not exceed the limits determined for Paris. The most recent determinations (with 
an accuracy of ±0*05 p.c.) confirm the conclusion that the composition of the atmosphere 
is constant. 

As there are some grounds (whioh will be" mentioned shortly) for considering that the 
composition of the air at great altitudes is slightly different from that at attainable 
heights—namely, that it is richer in the lighter nitrogen — several fragmentary observations 
made at Munich (Jolly, 1880) gave reason for thinking that in the upward currents (that is 
in the region of minimum barometric pressure or at the centres of meteorological oyclones) 
the air is richer in oxygen than in the descending currents of air (in the regions of anti* 
cyclones or of barometric maxima) ; but more carefully conducted observations showed 
this supposition to be incorrect. Improved methods for the analysis of air have shown 
that certain slight variations in its composition do actually>ooour, but in the first place 
they depend on incidental local influences (on the passage of the air over mountains 
and large surfaces of water, regions of forest and herbage, and the like), and in the 
aecond place are limited to quantities which are scarcely distinguishable from possible 
errors in the analyses. The researches made by Kreisler in Germany (1885) are par- 
ticularly convincing. 

The considerations which lead to the supposition that the atmosphere at great alti- 
tudes contains less oxygen than at the .surface of the earth are based on the law of par- 
tial pressures (Chapter L) According to this law, the equilibrium of the oxygen in 
the strata of the atmosphere is not dependent on the equilibrium of the nitrogen, and 
the variation in the densities of both gases with the height ist determined by the pressure 
of each gas separately. Details of the calculations and considerations here involved 
are contained in my work On Baromstrio L*velling$, 1876, p. 48. 

On the basis of the law of partial pressure and of hypsometrical formulae, expressing 
the laws of the variation of pressures at different altitudes, the conclusion may be deduced 
that at the upper strata of the atmosphere the proportion of the nitrogen with respect 
to the oxygen increases, but the increase will not exceed a fraction per cent., eren at 
altitudes of four and a half to six miles, the greatest height within the reach of man 
either by climbing mountains or by means ol balloons. This conclusion fe confirmed by 
the analyses of sir collected by Welch in England during his aeronautic ascents. 
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volume o! the air is firtt measured, and then the volume of the re* 
maining nitrogen. The quantity of oxygen is calculated either from 
the difference between these volumes or by the weight of the oxygen 
compound formed. All the volumetric measurements have to be 
corrected for pressure, temperature, and moisture (Chapters I. and II.) 
The medium employed for converting the oxygen into a non-gaaeoaa 
substance should enable it to be taken up from the nitrogen to the 
very end without evolving any gaseous substance. So, for instance, 19 
a mixture of pyrogallol, 6 H e O„ with a solution of a caustic alkali 
absorbs oxygen with great ease at the ordinary temperature (the 
solution turns black), but it is unsuited for accurate analysis because it 
requires an aqueous solution of an alkali, and it alters the composition 
of the air by acting on it as a solvent. 30 However, for approximate 
determinations this simple method gives results which are entirely 
satisfactory. 

The determinations in a eudiometer (Chapter III.) give more exact 
results, if all the necessary corrections for changes of pressure, tempera- 
ture, and moisture be taken into account. This determination is 
carried out essentially as follows : — A certain amount of air is intro- 
duced into the eudiometer, and its volume is determined. About an 
equal volume of dry hydrogen is then passed into the eudiometer, and 
the volume again determined. The mixture is then exploded, in the 
way described for the determination of the composition of water. The 
remaining volume of the gaseous mixture is again measured ; it will be 
less than the second of the previously measured volumes. Out of three 
volumes which have disappeared, one belonged to the oxygen and two 
to the hydrogen, consequently one-third of the loss of volume indicates 
the amount of oxygen contained in the air. 11 

The most complete method for the analysis of air, and one which is 

*• The complete Absorption of the oxygen may be attained by introducing moist phos- 
phorus into a definite volume of sir ; the occurrence of this is recognised by the fact of 
the phosphorus becoming non-luminous in the dark. The amount of oxygen may be 
determined by measuring the volume of nitrogen remaining. This method however 
cannot give accurate results, owing to a portion of the air being dissolved in the water, 
to the combination of some of the nitrogen with oxygen and to the necessity of intro- 
ducing and withdrawing the phosphorus, which cannot be accomplished without 
introducing bubbles of air. 

10 For rapid and approximate analyses (technical and hygienic), such a mixture it 
very suitable for determining the amount of oxygen in mixtures of gases from which 
the substances absorbed by alkalis have first been removed. According to certain ob- 
servers, this mixture evolves a certain (small) quantity of carbonic oxide after absorbing 
oxygen. 

" Details of eudiometrical analysis must, as was pointed out in Chap. HI.) Note S3, 
be looked for in works on analytical chemistry. The same remark applies to the other 
analytical methods mentioned in this work. They are only described for the purpose 
of showing the diversity of the methods of chemical research. 
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accompanied by the least amount of error, consists in the direct weigh- 
ing, as far as is possible, of the oxygen, nitrogen, water, and carbonic 
anhydride contained in it For this purpose the air is first passed 
through an apparatus for retaining the moisture and carbonio anhy- 
dride (which will be considered presently), and is then led through 
a tube which contains shavings of metallic copper and has been pre- 
viously weighed. A long layer of such copper heated to redness absorbs 
all the oxygen from the air, and leaves pure nitrogen, whose weight must 
be determined. This is done by collecting it in a weighed and ex- 




FlO. 38.— Dumas and Bouasingault's apparatus for the analysis of air by weight. The globe B con- 
tains 10-15 litres. The air is first pumped out of it, and it i* weighed empty. The tube T cou- 
nected.wlth it is filled with copper, and is weiglied empty of air. It is heated in a charcoal furnace. 
When the Copper has become rod-hot, the stopcock r (near R) is sightly opened, and the air 
passes through the vessels L, containing a solution of potash, f, containing solutions and pieces 
of caustic potash, which remove the carbonic anhydride from the air, and then through o and t t 
containing sulphuric acid (which has been previously boiled to expel dissolved air) and pumice- 
stone, which removes the moisture from the air. The pure air then gives up its oxygen to the 
copper in T. When the air passes into T the stopcock R of the globe B it opeoed, and it becomes 
filled with nitrogen. When the air ceases to flow in, the stopcocks are closed, and the globe B 
and tube T weighed. The nitrogen is then pumped out of the tube and it Is weighed again. 
The increase in weight of the tube shows the amount of oxygen, and the difference of the second 
and third weighings of the tube, with the increase in weight of the globe, gives the weight of 
the nitrogen. 

hausted globe, while the amount by weight of oxygen is shqwn by the 
increase in % weight of the tube with the copper after the experiment. 
Air free from moisture and carbonic anhydride 22 contains 20*95 to 

n Air free from carbonic anhydride indicates after explosion the presence of a small 
quantity of carbonio anhydride, as De Saassure remarked, and air free from moisture, 
After being passed over red-hot copper oxide, appears invariably to contain a small 
quantity of water, as Boussingault has observed. These observations lead to the 
assumption that air always contains a certain quantity of gaseous hydrocarbons, like 
marsh gas, which, as we shall afterwards learn, is evolved from the earth, marshes, Ac 
Its amount, however, does not exceed a few hundredths per cent. 
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20*88 M parts by volume of oxygen the mean amount of oxygen will 
therefore be 2092 ± 05 per cent. Taking the density of air = 1 and 
of oxygen = 1*105 and nitrogen 972 the composition of air by weight 
will be 231 2 per cent, of oxygen and 76*88 per cent, of nitrogen. 14 

The possibility of the composition of air being altered by the mere 
action of a solvent very clearly shows that the component parts of air 
are in a state of mixture, in which any gases may occur ; they do not 
in this case form a definite compound, although the composition of the 
atmosphere does appear constant under ordinary conditions. The fact 





IFio. 39.— Apparatu* for the absorption and 
washing of go***, known as Liebif's 
bulb*. The gas enter* m, presses on the 
absorptive liquid, and paste* from m into 
b, f, <r, and e consecutively, and escapes 
through/ 



FlO. 40.- OeUler's potash bulb*. The gas enter* 
at «, and pn«?cs through a solution of potash 
in the lower bulbs, where the carbonic anhy- 
dride 1* absorbed, and the gas escapes from ft. 
The lower bulbs are arranged in a triangle, so 
that the apparatus can stand without support. 



that its composition varies under different conditions confirms the 
truth of this conclusion, and therefore the constancy of the composition 
of air must not be considered as in any way dependent on the nature 
of the gases entering into its composition, but only as proceeding from 
cosmic phenomena co-operating towards this constancy. It must be 
admitted, therefore, that the processes evolving oxygen, and chiefly the 
processes of the respiration of plants, are of equal force with those 
processes which absorb oxygen over the entire surface of the earth.** 

w The analyses of air are accompanied by errors, and there are variations of com* 
position attaining hundredths per cent. ; the average normal composition of air is there- 
fore only correct to the first decimal place. 

** These figures express the mean composition of air from an average of the most 
accurate determinations ; they are accurate within 1005 p.c. 

* In Chapter III., Note 4, an approximate calculation is made for the determination 
of the balance of oxygen in the entire atmosphere; it may therefore be supposed that the 
composition of air will vary from time to time, the relation between vegetation and the 
oxygen absorbing processes changes ; bat as the atmosphere of the earth can hardly 
have a definite limit and we have already seen (Chapter IV., Note 88) thai there are 
observations confirming this, it follows that our atmosphere should vary in its com* 
jponent parts with the entire heavenly space, and therefore it must be supposed that 
any variation in the composition by weight of the air can only take place exceedingly 
slowly, and in a manner imperceptible by experiment. 
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Air always oontains more or less moisture M and carbonic anhydride 
produced by the respiration of animals and the combustion of carbon 
and carboniferous compounds. The latter shows the properties of an 
acid anhydride. In order to determine the amount of carbonic anhy- 
dride in air, substances are employed which absorb it — namely, alkalis 
either in solution or solid. A solution of caustic potash, KHO, is 
poured into light glass vessels, through 
which the air is passed, and the amount of 
carbonic anhydride is determined by the 
increase in weight oi the vessel. But it 
is best to take a solid porous, alkaline 
mass such as soda-lime. n With a slow 
current of air a layer of soda-lime 20 cm. 
in length is sufficient to completely deprive 
1 cubic metre of air of the carbonic anhy- 
dride it contains. A series of tubes con- ^ m u M 

, . , , . , . , , . , Flo. 41.— Tube for the absorption of 

taining calcium chloride for absorbing the carbonic acid, a ping of cotton 

. . * B . , I-.* « . w °ol l8 placed In the bulb to pre. 

moisture x * is placed before the apparatus rent the powder of soda-iimc bdnt 

-.,,.. . ., , , carried off by the gat. The tube 

for the absorption Of the Carbonic anhy- contains sodarlime and chloride of 

dride, and a measured mass of air is caldum - 

passed through the whole apparatus by means of an aspirator. In 

this manner the determination of the moisture is combined with the 

* The amount of moisture contained in the air it considered in greater detail 
in the study of physics and meteorology and the subject has been mentioned above, 
in Chapter L, Note 1, where the methods of absorbing moisture from gases were pointed 
out 

*? Soda-lime is prepared in the following manner: — Unslaked lime is finely powdered 
and mixed with a slightly wanned and very strong solution of caustic soda. The mixing 
should be done in an iron dish, and the materials should be well stirred together until the 
lime begins to slake. When the mass becomes hot, it boils, swells up, and solidifies, form- 
ing a porous mass very rich in alkali and capable of rapidly absorbing carbonic anhydride. 
A lump of caustic soda or potash presents a much smaller surface for absorption and there- 
fore acts much less rapidly. It is necessary to place an apparatus for absorbing water after 
the apparatus for absorbing the carbonic anhydride, because the alkali in absorbing the 
latter gives off water. 

" Ii is evident that the calcium chloride employed for absorbing the water should be 
tree from lime or other alkalis in order that it may not retain carbonic anhydride. Such 
calcium chloride may be prepared in the following manner: A perfectly neutral solution 
of calcium chloride is prepared from lime and hydrochloric acid ; it is then carefully 
evaporated first on a water-bath and then on a sand-bath. When the solution attains a 
certain strength a scum is formed, which solidifies at the surface. This scum is 
collected, and will be found to be free from caustic alkalis. It is necessary in any case 
to test it before use, as otherwise a large error may be introduced into the results, owing 
to the presence of free alkali (lime). It is beat to pass carbonic anhydride through the 
tube containing the calcium chloride for some time before the experiment, in order to 
saturate any free alkali that may remain from the decomposition of a portion of the 
calcium chloride by water, Cati* + &H a O a CaOH/> + 9HCL 
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absorption of the carbonic anhydride. The arrangement shown in 
fig. 38 is such a combination. 

The amdunt of carbonic anhydride* 9 in free air is incomparably 
more constant than the amount of moisture. The average amount 
in 100 volumes of dry air is approximately 0*03 volume— that is, 
10,000 volumes of air contain about three- volumes of carbonic anhy- 
dride, most frequently about 2*95 volumes. As the specific gravity oi 
carbonic anhydride referred to air se 1*52, it follows that 100 parts by 
weight of air contain 0*045 part by weight of carbonic anhydride. 
This quantity varies according to the time of year (more in winter), 
the altitude above the level of the sea (less at high altitudes), the 
proximity to forests and fields (less) or cities (greater), Ac. But the 
variation is small and rarely exceeds the limits of 2 J to 4 ten- thousandths 
by volume. 80 As there are many natural local influences which either 
increase the amount of carbonic anhydride in the air (respiration, com- 
bustion, decomposition, volcanic eruptions, Ac.), or diminish it (absorp- 
tion by plants and water), the reason of the great constancy in the 
amount of this gas in the air must be looked for, in the first place, in the 
fact that the wind mixes the air of various localities together, and, in 
the second place, in the fact that the waters of the ocean, holding car- 
bonic acid in solution,* 1 form an immense reservoir for regulating the 
amount of this gas in the atmosphere. Immediately the partial 

" Recourse is had to special methods when the determination only takes note of the 
carbonic anhydride of the air. For instance, it is absorbed by an alkali which does not 
contain oarbonates (by a eolation of baryta or oaustio soda mixed with baryta), and then 
the carbonic anhydride is expelled by an excess of an acid, and its amount determined by the 
volume given off. A rapid method of determining CO a (for hygienic purposes) is given 
by the fall of tension produced by the introduction of an slkali (the air having been 
either brought to dryness or saturated with moisture). Dr. Schidloffsky's apparatus is 
based upon this principle. The question as to the amount of oarbonic anhydride present 
in the air has been submitted to many voluminous and exact researches, especially those 
oi Reiset, Schloesing, Mttntz, and Aubin, who showed that the amount is not subject 
to such variations as at first announced on the basis of incomplete and insufficiently 
accurate determinations. 

30 It is a different case in enclosed spaces, in dwellings, cellars, wells, oaves, and mines, 
where the renewal of air is impeded. Under these circumstances large quantities of 
carbonic anhydride may accumulate. In cities, where there are many conditions for 
the evolution of carbonic anhydride (respiration, decomposition, combustion), its 
amount is greater than in free air, yet even in still weather the difference does not 
often exceed one ten-thousandth (that is, rarely attains 4 instead of 9*9 vols, in 10000 
vols, of air). 

m In the sea as well as in fresh water, carbonic acid occurs in two forms, directly 
dissolved in the water, and combined with lime as calcium bicarbonate (hard water* 
sometimes contain very much carbonic acid in this form). The tension of the carbonio 
anhydride in the first form varies with the-iemperature, and its amount with the partial 
pressure, and that in the form of acid salts is under the same conditions, for direct 
experiments have shown a similar dependence in this case, although the quantitative 
relations are different in the .two < 
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pressure of the carbonic anhydride in the air decreases, the water 
evolves it, and when the partial pressure increases, it absorbs it, and 
thus nature supplies the conditions for a natural state of moving 
equilibrium in this as in so many other instances. 81 

Besides nitrogen, oxygen, moisture, and carbonic acid, all the other 
substances occurring in air are found in infinitesimally small quantities 
by weight, and therefore the weight of a cubic measure of air depends, 
to a sensible degree, on the above-named components alone. We have 
already mentioned that at 0° and 760 mm. pressure the weight of a 
cubic litre of air is 1*293 gram. This weight varies with the accelera- 
tion of gravity, g, so that if g be expressed in metres the weight of a 
litre of air, e = g x 0*131844 gram. For St. Petersburg g is about 
9*8188, and therefore e is about 1'2946, M the air being understood to be 
dry and free from carbonic anhydride. Taking the amount of the 
latter as 0*03 per 100 volumes, we obtain a greater weight ; for example, 
for 8t. Petersburg « = 1*2948 instead of 1*2946 gram. The weight 
of one litre of moist air in which the tension 94 of the aqueous 
vapour (partial pressure) =/mm., at a pressure (total) of air of H 

" In studying the phenomena of nature the conclusion is attired at that the 
universally reigning state of mobile equilibrium forms the chief reason for that harmonious 
order which impresses all observers. It not unfrequently happens that we do not see the 
causes regulating the order and harmony; in the particular instance of carbonic 
anhydride, it is a striking circumstance that in the first instance a search was made 
for an harmonious and strict uniformity, and in incidental (insufficiently accurate and 
fragmentary) observations conditions were even found for concluding it to be absent. 
When, later, the rule of this uniformity was confirmed, then the causes regulating 
such order were also discovered. The researches of Schloesing were of this character. 
Deville's idea of the dissociation of the acid carbonates of sea-water is suggested in 
them. In many other cases also, a correct interpretation can only follow from a detailed 
investigation. 

85 The difference of the. weight of a litre of dry air (free from carbonic anhydride) at 
0° and 760 mm., at different longitudes and altitudes, depends on the fact that the force 
of gravity varies under these conditions, and with it the pressure of the barometrical 
column also varies. This is treated in detail in my works On the Elasticity of Gate* 
and On Barometric Levelling*, and * The Publications of the Weights and Measures 
Department ' (Journal of the Buttian Phytico-Chemical Society, 1894). 

In reality the weight is not measured in absolute units of weight (in pressure— refer 
to works on mechanics and physics), but in relative units (grams, scale weights) whose 
mass is invariable, and therefore the variation of the weight of the weights itself with 
the change of gravity must not be here taken into account, for we are here dealing with 
weights proportional to masses, since with a change of locality the weight of the 
weights varies as the weight of a given volume of air does. In other words : the mass of 
a substance always remains constant, but the pressure produced by it varies with the 
acceleration of gravity : the gram, pound, and other units of weight are really units of 



** The tension of the aqueous vapour in the air is determined by hygrometers 
and other similar methods. It may also be determined by analysis {tee Chapter L, 
Note 1). 
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millimetres, at a temperature f, will be (i.e., if at 0° and 760 mm. the 
weight of dry air ..) equal to ^^Jl * ^ **"* 
stance, if H •= 730 mm., t sa 20 6 , and/= 10 mm. (the moisture is then 
slightly below 60 p.c), the weight of a litre of air at St. Petersburg 
« 11527 gram. 8 * 

The presence of ammonia, a compound of nitrogen and hydrogen, 
in the air, is indicated by the fact that all acids exposed to the air ab- 
sorb ammonia from it after a time. De Saussure observed that 
aluminium sulphate is converted by air into a double sulphate of am- 
monium and aluminium, or the so- called ammonia alum. Quantitative 
determinations have shown that the amount of ammonia M contained 
in air varies at different periods. However, it may be accepted that 
100 cubic metres of air do not contain less than 1 or more than 5 
milligrams of ammonia. It is remarkable that mountain air contains 
more ammonia than the air of valleys. The air in those places where 
animal substances undergoing change are accumulated, and especially 
that of stables, generally contains a much greater quantity of this gas. 
This is the reason of the peculiar pungent smell noticed in such places. 
"Moreover ammonia, as we shall learn in the following chapter, com- 
bines with acids, and should therefore be found in air in the form of 
such combinations, since air contains carbonic and nitric acids. 

The presence of nitric acid in air is proved without doubt by the 
fact that rain-water contains an appreciable amount of it. 

Further (as already mentioned in Chapter IV.), air contains ozone 

** For rapid calculation the weight of a litre of air (in a room) in St. Petersburg, may 
under these conditions (H, t t and f) be obtained by the formula e - 1-20671 + 0-001S 
[Hi - 755 + 2-6 (18° - 1 )) where H, = H - 0S8/. In determining the weight of small and 
lieavy objects (crucibles, Arc. in analysis, and in determining the specific gravities 
of liquids, Ac.) a correction may be introduced/or the loa of weight in the sir of the room, 
by taking the weight of a litre of air displaced as 1*2 gram, and consequently 0*0012 gram 
for every cubio centimetre. But if gases or, in general, large vessels are weighed, and the 
weighings require to be accurate, it is necessary to take into account all the data for the 1 
•determination of the density of the air (t, H, and /), because sensitive balances can 
determine the possible variations of the weight of air, as in the case of a litre the 
weight of air varies in centigrams, even at a constant temperature, with variations of H 
and /. Some time ago (1859) I proposed the following method and applied it for this 
purpose. A large light and closed vessel is taken, and its volume and weight in a vacuum 
are accurately determined, and verified from time to time. On weighing it we obtain 
the weight in air of a given density, and by subtracting this weight from its absolute 
weight and dividing by its volume we obtain the density of the air. 

M Schloesing studied the equilibrium of the ammonia of the atmosphere and of the 
riven, teas, &c, and showed that the amount of the gas is interchangeable between them. 
The ratio between the amount of ammonia in a cubic metre of air and in a litre of water 
at 0° = 0-004, at 10° =0010, at 85° « 0*040 to 1, and therefore in nature there is a state 1 
of equilibrium in the amount of ammonia in the atmosphere and waters. 
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and hydrogen peroxide and nitrous add' (and its attttohia salt), i.&. 
substances having a direct oxidising action (for instance, upon iodized 
•taroh-paper), but they are present in very small quantities. 37 

Besides substances in a gaseous or vaporous state, M there is always 
found a more or less considerable quantity of substances which are not 
known in a state of vapour. These substances are present in the air as 
dust If a linen surface, moistened with an acid, be placed in perfectly 
pure air, then the washings are found to contain sodium, calcium, iron, 
and potassium. 39 Linen moistened with an alkali absorbs carbonic, 
sulphuric, phosphoric, and hydrochloric acidg. Further, the presence 
of organic substances in air has been proved by a similar experiment. 
If a glass globe be filled with ice and placed in a room where are a 
number of people, then the presence of organic substances, like albu- 
minous substances, may be proved in thd water which condenses on the 
surface of the globe. It may be that the miasmas causing infection in 
marshy localities, hospitals, and in certain epidemic illnesses proceed 
from the presence of such substances in the air (and especially in water, 
which contains many micro-organisms), as well as from the presence 
of germs of lower organisms in the air as a minute dust Pasteur 
proved the existence of such germs in the air by the following experi- 
ment : — He placed gun-cotton (pyroxylin), which has the appearance 
of ordinary cotton, in a glass tube. Gun-cotton is soluble in a mixture 
of ether and alcohol, forming the so-called collodion. A current of air 

57 Whilst formed in the air these oxidising substances (N 2 3 , ozone and hydrogen 
peroxide) at the same time rapidly disappear from it by oxidising those substances which 
are capable of being oxidised. Owing to this instability their amounts vary considerably, 
and, as would be expected, they are met with to an appreciable amount in pure air, whilst 
their amount decreases to zero in the air of cities, and especially in dwellings where there 
is a maximum of substances capable of oxidisation and a minimum of conditions for the 
formation of such bodies. There is a causal connection between the amount of these 
substances present in the air and its purity— that is, the amount of foreign residues of 
organic origin liable to oxidation present in the air. Where there is much of such 
residues their amount must be small. When they are present the amount of organio 
substances must be small, as otherwise they would be destroyed. For this reason 
efforts have been made to apply ozone for purifying the air by evolving it by artificial 
means in the atmosphere ; for instance, by passing a series of electrical sparks through 
the ventilating pipes conveying air into a building. Air thus ozonised destroys by oxidation 
—that is, brings about the combustion of— the organic residues present in the air, and 
thus will serve for purifying it. For these reasons the air of cities, contains less ozone 
and such like oxidising agents than country air. This forms the distinguishing feature 
of country air. However, animal life cannot exist in air containing a comparatively large 
amount of ozone. 

» Amongst them we may mention iodine and alcohol, C 3 H«0, which Miintx found to 
be always present in air, the soil, and water, although in minute traces only. 

80 A portion of the atmospheric dust is of cosmic origin ; this is undoubtedly proved 
by the fact of its containing metallic iron as do meteorites. Nordenskibld found iron in 
the dust covering snow, and Tissandier in every kind of air, although naturally in very 
small quantities. 
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was p a c ed through the tube for a long period of time, and tbe gun- 
cotton was then dissolved in a mix t ur e of ether and alcoboL An 
insoluble residue was thus obtained which actually contained the germs 
of organisms, as was shown by mic r osco pi cal observations, and by their 
capacity to develop into organisms (mould, oYe.) under favourable 
conditions. Tbe presence of these germs determines the property of 
air of bringing about the processes of putrefaction and fermentation — 
that is the fundamental alteration of organic substances, which is 
accompanied by an entire change in their properties. The appearance 
of lower organisms, both vegetable and animal, is always to be remarked 
in these processes. Thus, for instance, in the process of fermentation, 
when, for example, wine is procured from tbe sweet juice of grapes, a 
sediment separates out which is known under the name of lees, and 
contains peculiar yeast organisms. Germs are required before these 
organisms can appear. 4 * They are floating in the air, and fall into the 
sweet fermentable liquid from it. Finding themselves under favourable 
conditions, the germs develop into organisms ; they are nourished at 
the expense of the organic substance, and during growth change and 
destroy it, and bring about fermentation and putrefaction. This is 
why, for instance, the juice of the grape when contained in the skin of 
the fruit, which allows access of the air but is impenetrable to the 
germs, does not ferment, does not alter so long as the skin remains 
intact. This is also the reason why animal substances when kept from 
tbe access of air may be preserved for a great length of time. Preserved 
foods for long sea voyages are kept in this way. 41 Hence it is evident 
that however infinitesimal the quantity of germs carried in the atmo- 
sphere may Be, still they have an immense significance in nature. 43 

Thus we see that air contains a great variety of substances. The 
nitrogen, which is found in it in the largest quantity, has the least 

* The idee .of the spontaneous growth of organisms in a suitable medium, although 
stOl upheld by many, has since the work of Pasteur and his followers (and to a certain 
extent o Mas predecessors) been discarded, because it has been proved how, when, and 
whence (from the air, water, Ac.) the germs appear ; that fer m entat io n as well as infee- 
tious diseases cannot take place without them; and chiefly because it has been shown that 
enychsngs .accompanied by the development of the orgamsms introduced may be brought 

si* T f™! ** th6 '■taoduction of *lw germ* into a suitable medium. 

In further confirmation of the fact that putrefaction and fermentation depend on 
S^f °*!H!i in ih * **» we *"* dte ihe ciwnmstanoe that poisonous substances de- 
A^T^hiL! 1 !!^ or S lai «« "top or hinder the appearance of the above processes. 
Air which has been heated to redness or passed through sulphuric acid no longer contains 

*Thli orotg * nilm *» *nd loses the faculty of producing fermentation and putrefacliosj. 
xneir presence in the air is naturally due to the diffusion of germs into the afeno 

Tirtneof their large surfaces compared to their weight In Paris the amount of dust 
i m tbe air equals from (after rain) to 88 frame per 1,000 cm. of air. 
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influence on those processes which are accomplished by the action of 
air. The oxygen, which is met with in a lesser quantity than the 
nitrogen, on the contrary takes a very important part in a number of 
reactions ; it supports combustion and respiration, it brings about 
decomposition and every process of slow oxidation. The part played 
by the moisture of air is well known. The carbonic anhydride, which 
is met with in still smaller quantities, has an immense significance in 
nature, inasmuch as it serves for the nourishment of plants. The 
importance of the ammonia and nitric acid is very great, because they are 
the sources of the nitrogenous substances comprising an indispensable 
element in all living organisms. And, lastly, the infinitesimal quantity 
of germs also have a great significance in a number of processes. Thus 
it is not the quantitative but the qualitative relations of the component 
parts of the atmosphere which determine its importance in nature. 41 

Air, being a mixture of various substances, may suffer considerable 
changes in consequence of incidental circumstances. It is particularly 
necessary to remark those changes in the composition of air which take 
place in dwellings and in various localities where human beings have 
to remain during a lengthy period of time. The respiration of human 
beings and animals alters the air. 44 A similar deterioration of air is 
produced by the influence of decomposing organic substances, and 
especially of substances burning in it. 40 Hence it is necessary to have 

45 We see similar cases everywhere. For example, the predominating mass of sand 
and clay in the soil takes hardly any chemical part in the economy of the soil in respect 
to the nourishment of plants. The plants by their roots search for substances which are 
diffused in comparatively small quantities in the soil. If a large quantity of these 
nourishing substances are removed, then the plants will not develop in the soil* just as 
animals die in oxygen. 

44 A man in breathing bums about 10 grams of oarbon per hour— that is, he produoes 
about 680 grams, or (as 1 cucm. of carbonic anhydride weighs about 2,000 grams) about 
^ cm, of carbonic anhydride. The air coming from the lungs con t ains 4 p,o. of carbonio 
anhydride by volume. The exhaled air acts as a direct poison, owing to this gas and to 
other impurities. 

46 For this reason candles, lamps, and gas change the composition of air almost in 
the same way as respiration. In the burning o! 1 kilogram of stearin candles, 60 oubio 
metres of air are changed as by respiration— that is, 4 p*. of carbonio anhydride will be 
formed in this volume of air. The respiration of animals and exhalations from their skins, 
and especially from the intestines and the excrements and the transformations taking* 
place in them, oontaminate the air to a still greater extent, because they introduoe other 
volatile substsnoes besides carbonio anhydride into the air. At the same time that 
carbonio anhydride is formed the amount of oxygen in the air decreases, and there is 
noticed the appearanoe of miasmata which ooour in but small quantity, but which are 
noticeable in passing from fresh sir into a confined space full of such adulterated air. 
The researches of 8chmidt and Leblano and others show that even with 80*6 p.c of 
oxygen (instead of 90*0 p.c), when the diminution is due to respiration, air becomes 
notioeably less fit for respiration, and that the heavy feeling experienced in such air 
increases with a lesser percentage of oxygen. It is difficult to remain for a few minute* 

Jn air containing 172 p.c of oxygen. These observations were chiefly obtained by 
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regard to the purification of the air of dwellings. The renewal of air, 
the replacing of respired by fresh air, is termed ' ventilation/ ** and the 

observation* on the sir of different mints, at different depths below the surface. The 
air of theatre* and buildings full of people also proves to contain lees oxygen ; it was 
found on one occasion that at the end of a theatrical representation the air in the stalls 
contained 20-75 p.c. of oxygen, whilst the air at the upper part of the theatre contained 
only 90*M p.c. The amount of carbonic anhydride in the air may be taken as a measure 
of its purity (Petteukofer). When it reaches 1 p.o. it is ▼ery difficult for human beings 
to remain long in such sir, and it is necessary to sot up a rigorous ventilation for the 
removal of the adulterated sir. In order to keep the sir in dwellings in a uniformly good 
state, it is nscessary to introduce at least 10 cubic metres of fresh sir per hour per 
person. We saw that a man exhales about fire-twelfths of a cubic metre of carbonic anhy- 
dride per day. Accurate observations hare shown that air containing one-tenth p.e. of 
exhaled carbonic anhydride .(and consequently also a corresponding amount of the other 
substances evolved together with it) is not felt to be oppressive ; and therefore the fire- 
twelfth cubio metres of carbonic anhydride should be diluted with 490 cubic metres of 
fresh air if it be desired to keep not more than one-tenth p.o. (by volume) of carbonic 
anhydride in the air. Hence a man requires 490 cubic metres of air per day, or 18 cubic 
metres per hour. With the introduction of only 10 cubio metres of fresh air per person, 
the amount of carbonic anhydride may reach one-fifth p.c, and the air will not then beef 
the requisite freshness. 

40 The veiitittttion of inhabited buildings is most necessary, and is even indispensable 
in hospitals, schools, and similar buildings. In winter it is carried, on by the so-called 
ealorifiers or stoves heating the air before it enters. The best kind of calorifiers in this 
respect are those in which the fresh cold air is led through a series of pfpes heated by 
the hot gases coming from a store. In ventilation, particularly during winter, care is taken 
that the incoming air shall be moist, because in winter the amount of moisture in the 
air is very small. Ventilation, besides introducing fresh air into a dwelling-place, must 
also withdraw the air already spoilt by respiration and other causes — that is. it Is neces- 
sary to construct channels for the escape of the bad air, besides those for the introduction 
of fresh air. In -ordinary dwelling-places, where not many people are congregated, the 
ventilation is conducted by natural means, in the heating by fires, through crevices, 
windows, and various orifices in walls, doors, and windows. In mines, factories, and work- 
rooms ventilation is of the greatest importance. 

Animal vitality may still continue for a period of several minutes in air containing up 
to 30 p.c. of carbonic anhydride, if the remaining 70 p.c. consist of ordinary air; but respi- 
ration ceases after a certain time, and death may even ensue. The flame of a candle 
Is very easily extinguished in an atmosphere containing from 5 to p.c. of carbonic anhy- 
dride, but animal vitality con be sustained in it for a somewhat long time, although the 
effect of such air is exceedingly painful even to the lower animals. There are mines in 
which a lighted candle easily goes out from the excess of carbonic anhydride, but in which 
the miners have to remain for a long time. The presence of 1 p.c. of carbonic oxide is 
deadly even to cold-blooded animals. The air in the galleries of a mine where blasting 
has taken place, is known to produce a state of insensibility resembling that produced by 
charcoal fumeB. Deep wells and vaults not unfrequently contain similar substances, and 
their atmosphere often causes suffocation. The atmospheres of such places cannot be 
tested by lowering a lighted candle into it, as these poisonous gases would not extinguish 
the flame. This method only suffices to indicate the amount of carbonic anhydride. If 
a candle keeps alight, it signifies that there is less than 6 p.c. of this gas. In doubtful 
cases it is best to lower a dog or other animal into the air to be tested. If C0 9 be very 
carefully added to air, the flame of a candle is not extinguished (although it becomes 
very much smaller) even when the gas amounts to 19 p.c, of air. Researches made by 
F. Clowe* (1891) show that the flames (in every case * in. long) of different combustible 
substances are extinguished by the gradual addition of different percentages of nitrogen and 
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removal of foreign and injurious admixtures from the air is called 
'disinfection.' 47 The accumulation of all kinds of impurities in the 
air of dwellings and cities is the reason why the air of mountains, 
forests, seas, and non- marshy localities, covered with vegetation or snow, 
is distinguished for its freshness, an<J, in all respects, beneficial action. 

carbonio add to the air; the percentage rafficient to extinguish the flame being as 
follow* (the percentage of oxygen it given in parenthesis) : 

p*o. CO, p.c N. 

Absolute alcohol ^ ,. ■» » 

Candle ... y * & f 

Hydrogen . » c c* * 

Coal gas t « p 

Carbonio oxide t, et <. •. 

Methane rt P. : . 

The flames of all solid- and liquid snbstanoes is extingaished by almost the same per- 
centage of OOj or Nj, but the flames of different gases vary in this respect, and hydrogen 
continues to burn in mixtures which are far poorer in oxygen than those in which the 
flames of other combustible gases are extinguished ; the flame of methane CH* is the 
most easily extinguished. The percentage of nitrogen may bo greater than that, of CO*. 
This, together with the fact that, under the above circumstances, the flame of a gas 
before going out becomes fainter and increases in sise, seems to indicate that the chief 
reason for the extinction of the flame is the fall in its temperature. 

47 Different so-called disinfectants purify the air, and prevent the injurious action of 
certain of its components by changing or destroying them. Disinfection is especially 
necessary in those pieces where a considerable amount of volatile substances are 
evolved into the air, and where organio substances are decomposed; for instance, 
in hospitals, closets, <fec. The numerous disinfectants are of the most varied nature. 
They may. be divided into oxidising, antiseptic, and absorbent substances. To the 
oxidising substances used for disinfection belong chlorine, and various substances 
evolving it, because chlorine in the presence of water oxidises the majority of organio 
substances, and this is why chlorine is used as a disinfectant for Siberian plagues. 
Further, to this class belong the permanganates of the alkalis and peroxide of hydrogen, 
as substances easily oxidising matters dissolved in water; these ssits are not volatile 
like chlorine, and therefore act much more slowly, and in a much more limited sphere. 
Antiseptic substances are those whibh convert organio substances into such as are little 
prone to change, and prevent putrefaction and fermentation. They most probably kill 
the germs of organisms occurring in miasmata. The most important of these substances 
are creosote and phenol (carbolic acid), which occur in tar, and act in preserving smoked 
meat Phenol is a substance' little 1 soluble in water, volatile, oily, and having the 
characteristic smell of smoked objects. Its action on animals in considerable quantities 
is injurious, but in small quantities* used in the form of a weak solution, it prevents the 
change of animal matter. The smell oj privies, which depends on the change of excre- 
snenial matter, may be easily removed by means of chlorine or phenoL Salicylic acid, 
thymol, common tar, and especially its solution in alkalis as proposed by Nensky, 6a, 
are also substances having the same property. Absorbent substances are of no lest 
importance, especially arpreventatives, than the preceding two clssses of disinfectants, 
^inasmuch as they are innocuous. They are* those substances which absorb the odori- 
ferous gases and vapours emitted during putrefaction, which are chiefly ammoni a, 
sulphuretted hydrogen, and other volatile compounds. To this class belong charcoal, 
Certain salts of iron, gypsum, salts of magnesia, and similar substances, as well as peat, 
'mould, and clay. Questions of disinfection and ventilation appertain to the most 
serious problems of common life and hygiene. These questions are so vast that weave 
here able only to give a. short outline of their nature. 
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CHAPTER VI 

THB COMPOVflDS OP NITROGEN WITH HYDROGEN AND OXYOBr* 




In the last chapter we saw that nitrogen does not directly combine 
with hydrogen, but that a mixture of these gases in the presence of 

hydrochloric acid gas, HC1, 
forms ammonium chJoride, 
NH 4 C1, on the passage of a 
aeries of electric sparks. ] In 
ammonium chloride, HC1 is 
combined with NH 3 , con- 
sequently N with H, forms 
ammonia. 1 Almost all the 
nitrogenous substances of 
plants and animals evolve 
ammonia when heated with 
no. 4 *. - The «rr dirtiiutibn of bon« on a urge «*!•. an alkali. But even without 

Tho bonoi are boated in the vertical cylinder* C (about .. ^--^m*^ ««f «» »11ta]i 

U metre high and SO centimetre. In diameter). Tho the presence Ot an Slitail 

product* of distillation pass through the tube* T. into xl. -«.;«,«;*-, ~£ ««;+wruwM«rfcMa 

lbeeondenaerB,and receiver F. Wh« the diatillation the majority Of mtTOgenOOS 

It completed the trap H Is opened, and the burnt bones _ n v-f An . M w U n /)Mvtmtv»Ml 

are loaded Into truck V. The roof M Is then opened. SUDStanCOS, wnenaecomposea 

and the cylindere are obarged with a freah quantity of or heated with a Kmfawl 

bonea, The ammonia water is preserved, and goea to the w * **" 

prrj*r*tloh of ammoalacal salts, as detorlbed In the «UDd1v of air. evolve their 
following drawing rr * ' . 

nitrogen, if not entirely, at 
all events partially, in the form of ammonia. When animal substances 
such as skins, bones, flesh, hair, horns, Ac, are heated without access of 

1 The ammonia in the air, water, and soil proceeds from the decomposition of the 
nitrogenous enbatancea of plants and animals, and also probably from the redaction of 
nitrates. Ammonia ie always formed in the mating of iron. Its formation in this case 
depends in all probability on the deoompoaition of water, and on the action of the hydro- 
gen at the moment of its evolution on the nitric acid contained in the air (Cloes), or on 
the formation ot ammonium nitrite, which takes place under many circumstances. The 
evolution of vapours of ammonia compounds is sometimes observed in the vicinity of 
volcanoes, At a red heat nitrogen combines directly with B Ca Mg, and with many other 
metals, and these compounds, when heated with a caustic alkali, or in the presence of 
water, give ammonia (set Chapter XIV., Note 14, and Chapter XVII., Note 18). These 
axe examples of the indirect combination of nitrogen with hydrogen. 

* If a silent discharge or a series of electric sparks be passed through ammonia gas, 
it is decomposed into nitrogen and hydrogen. This is a phenomenon of dissociation | 
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air in iron retorts — they undergo what is termed dry distillation. A 
portion of the resultant substances remains in the retort and forms a 
carbonaceous residue, whilst the other portion, in virtue of its volatility, 
escapes through the tube leading from the retort. The vapours given 
off, on cooling, form a liquid which separates into two layers ; the one, 
which is oily, is composed of the so-called animal oils (oleum animate) 
the other, an aqueous layer, contains a solution of ammonia salts. If 
this solution be mixed with lime and heated, the lime takes up the 
elements of carbonic acid from the ammonia salts, and ammonia is 
evolved as a gas. 3 In ancient times ammonia compounds were 
imported into Europe from Egypt, where they were prepared from the 
soot obtained in the employment of camels' dung as fuel in the locality 
of the temple of Jupiter Ammon (in Lybia), and therefore the salt 
obtained was called ' sal-ainmoniacale,' from which the name of ammonia 
is derived. At the present time ammonia is obtained exclusively, on a 
large scale, either from the products of the dry distillation of animal or 

therefore, a series of sparks do not totally decompose the ammonia, but leave a certain 
portion undeoomposed. One volume of nitrogen and three volumes of hydrogen are 
obtained from two volumes of ammonia decomposed. Ramsay and Young (1864) investi- 
gated the decomposition of NH S under the action of heat, and showed that at 500°, 1} p4. 
is decomposed, at 600° about 18 p.o., at 800° 65 p-c., but these results were hardly free 
from the influence of ' contact.' The pretence of free ammonia— that is, ammonia not 
combined with acids — in a gas or aqueous solution may be recognised by its characteristic 
smell. But many ammonia salts do not .possess this smell. However, on the addition 
of an alkali (for instance, caustic lime, potash, or soda), they evolve ammonia gas, especially 
when heated. The presence of ammonia may be made visible by introducing a sub- 
stance moistened with strong hydrochlorio acid into its neighbourhood. A white cloud, 
or visible white vapour, then makes its appearance. This depends on the fact that both 
ammonia and hydrochloric aoid are volatile, and on coming into contact with each other 
produce solid sal-ammoniac, NH4CI, which forms a cloud. This test is usually made, by 
dipping a glass rod into hydrochloric acid, and holding it over the vessel from which the 
ammonia is evolved. With small amounts of ammonia this test is, however, untrust- 
worthy, as the white vapour is scarcely observable. In this case it is best to take paper 
moistened with mercurous nitrate, HgN0 5 . This paper turns black in the presence 
of ammonia, owing to tho formation of a black compound of ammonia with mercurous 
oxide. The smallest traces of ammonia (for instance, in river water) may be detected 
by means of the so-called Nessler's reagent, containing a solution of mercuric chloride 
and potassium iodide, which forms a brown coloration or precipitate with the smallest 
quantities of ammonia. It will be useful here to give the thermo-chemical data (m 
thousands of units of heat, according to Thomson), or the quantities of heat evolved in 
the formation of ammonia and its compounds in quantities expressed by their formal©. 
Thus, for instance, (N+H 3 ) 96*7 indicates that 14 grams of nitrogen in combining with. 
8 grams of hydrogen develop sufficient heat to raise the temperature of 98*7 kilograms of 
water 1°. (NH 5 +nH 2 0) 8*4 (heat of solution); (NH fc nH a O+HCUiH,0) 1*8; 
(N + H4 ♦ CI) 90-6 ; (NH, + HCl) 41-9. 

* The same ammonia water is obtained, although in smaller quantities, in the 
dry distillation of plants and of coal, which consists of the remains of fossil plants* 
In all these oases the ammonia proceeds from the destruction of the complex nitrogenous 
•ubstanoes occurring in jplants and animals. The ammonia salts employed in the arte 
are prepared by this method. 

♦12 
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resembling oomtnon salt in appearance and properties. Ammonia may 
be very easily prepared from this id-ammoniac, NH 4 01, as from any 
other ammoniacal salt, by heating it with Hme. Calcium hydroxide, 
CaHjOt, as an alkali takes op the acid and sets free the ammonia, 
forming calcium chloride, according to the equation 2NH 4 Cl+CaH,O t 
^2H,0 + OaCl a +2NH a . In this reaction the ammonia is evolved as 
a gas. 6 

It mast be observed that all the complex nitrogenous substances of 
plants, animals, and soils are decomposed when heated with an exoess 
of sulphuric acid, the whole of their nitrogen being converted into 
ammonium sulphate, from which it may be liberated by treatment with 
an exoess of alkali. This reaction is so complete that it forms the 
basis of Kjeldahl's method for estimating the amount of nitrogen in its 
compounds. 

Ammonia is a colourless gas, resembling those with which we are 
already acquainted in its outward appearance, but clearly distinguishable 
from any other gas by its very characteristic and pungent smell. It. 
irritates the eyes, and it is positively impossible to inhale it. Animals 
die in it. Its density, referred to hydrogen, is 6*5 ; henoe it is lighter 
than air. It belongs to the class of gases which are easily liquefied. 7 

« On a small scale ammonia may be p rep ar ed in a glass flask by mixing equal parte 
by weight of slaked lime and finely-powdered eal-ammoniao, the neck of ihe flask 
being connected with an arrangement for drying the gas obtained. In this instance 
neither calcium chloride nor sulphuric acid can be used for drying the gas, since both 
these substances absorb ammonia, and therefore solid caustic potash, which is capable of 
retaining the water, is employed. The gas-couducting tube leading from the desiccating 
apparatus is introduced into a mercury bath, if dry gaseous ammonia be required, because 
water cannot be employed in collecting ammonia gas. Ammonia was first obtained in 
this dry state by Priestley, and its composition was investigated by Berthollet at the end 
of the last century. Oxide of lead mixed with sal-ammoniac (Isambert) evolves ammonia 
with still greater ease than lime. The cause and process of the decomposition are almost 
"the same, SPbO+SNH^Cl-PbgOClj + HaO+fiNHa. Lead oxychloride is (probably) 
formed. 

X This is evident from the fact that its absolute boiling point lies at about + 180° (Chap* 
ter H, Note 29). It may therefore be liquefied by pressure alone at the ordinary, and even 
at much higher temperatures. , The latent heat of evaporation of 17 parts by weight 
of ammonia equals 4,400 units of heat, and hence liquid ammonia may be employed 
for the production of cold. Strong aqueous solutions of ammonia, which in parting with 
their ammonia act in a similar manner, are not unfrequently employed tor this purpose 
Suppose a saturated solution of ammonia to be contained in a closed vessel furnished with 
a receiver. If the ammoniacal solution be heated, the ammonia, with a small quantity 
of water, will pass oft from the solution, and in accumulating in the apparatus will 
produce a considerable pressure, and will therefore liquefy in the cooler portions of the 
receiver. Henoe liquid ammonia will be obtained in the receiver. The heating of the 
vessel containing the aqueous solution of ammonia is then stopped. After having been 
heated it contains only water, or a solution poor in ammonia. When once it begins to cool 
the ammonia vapours commence dissolving in it, the space becomes rarefied, and a rapid 
vaporisation of the liquefied ammonia left in the receiver takes place. In evaporating m 
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Faraday employed the following method for liquefying ammonia. 
Ammonia when passed over dry silver chloride, AgCl, is absorbed by it 
to a considerable extent, especially at low temperatures. 8 The solid 

the receiver it will cause the temperature in it to fell considerably, and will iteelf paet into 
the aqueous eolation. In the end, the same ammoniacal eolation as originally taken is 
re-obtained. Thus, in this case, on heating the veesel the pressure increases by iteelf, 
and on cooling it diminishes, so that here heat directly leplacee mechanical work. This 
is the principle of the simplest forms of Carrfi ic$-making machine, shown in fig. 44. 
C is a vessel made of boiler plates into which the saturated solution of ammonia is 
poured ; m is a tube conducting the ammonia vapour to the receiver A. All parte of 
the apparatus should be hermetically joined together, and should be able to withstand 
a pressure reaching ten atmospheres. The apparatus should be freed from sir, which 




Jrio. *».— usrre • spparaiua Described in text. 

would otherwise hinder the liquefaction of the ammonia. The process is carried on as 
follows : — The apparatus is first so inclined that any liquid remaining in A may flow 
into C. The vessel C is then placed upon a stove F, and heated until the thermometer I 
indicates a temperature of 180° C. During this time the ammonia has been expelled from 
C, and has liquefied in A In order to facilitate the liquefaction, the receiver A should 
be immersed in a tank of water R (see the left-hand drawing in fig. 44). After about 
half an hour, when it may be supposed that the ammonia has been expelled, the fire is 
removed from under C, and this is now immersed in the tank of water R. The apparatus 
is represented in this position in the right-hand drawing of fig. 44. The liquefied ammonia 
then evaporates, and passes over into the water in C. This causes the temperature 
of A to fall considerably. The substance to be refrigerated is placed in a veesel O, in the 
cylindrical space inside the receiver A. The refrigeration is also kept on for about half 
an hour, and with an apparatus of ordinary dimensions (containing about two litres 
of ammonia solution), five kilograms of ice are produced by the consumption of one 
kilogram of coal In industrial works more complicated types of Carre's machines are 
employed. 

• Below 15° (according to Isambert), the compound AgCl,8NHs i« formed* and above 
90° the compound 2AgCl,8NH 5 . The tension of the ammonia evolved from the latter 
substance is equal to the atmospheric pressure at 08°, whilst for AgCl^NHj the 
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compound AgCl,3NH 3 thus obtained is introduced into a bent tube 
(fig. 45), whose open end e is then fused up. The compound is then 
slightly heated at a, and the ammonia comes off, 
owing to the easy dissociation of the compound. 
The other end of the tube iB immersed in a freez- 
ing mixture. The pressure of the gas coming off, *~ ^ 
combined with the low temperature at one end of *». «-— Tt* liquefaction of 

. • . , ., . i « . • ammonia in a thick bent 

toe tube, causes the ammonia evolved to condense gia« tube, a compound 
into a liquid, in which form it collects at the cold ammonia u pUoeTfn u* 
end of the tube. If the heating be stopped, the l&«wuj!" end e u 
silver chloride again absorbs the ammonia. In 
this manner one tube may serve for repeated experiments. Ammonia 
may also be liquefied by the ordinary methods — that is, by means of 
pumping dry ammonia gas into a refrigerated space. Liquefied 
ammonia is a colourless and very mobile liquid, 9 whose specific gravity 
at 0° is 0-63 (E. Andreeff). At the temperature (about - 70°) given by 
a mixture of liquid carbonic anhydride and ether, liquid ammonia 
crystallises, and in this form its odour is feeble, because at so low a 
temperature its vapour tension is very inconsiderable. The boiling 
point (at a pressure of 760 mm.) of liquid ammonia is about —32°. 
Hence this temperature may be obtained at the ordinary pressure by 
the evaporation of liquefied ammonia. 

Ammonia, containing, as it does, much hydrogen, is capable of 
combuBtien; it does not, however, burn steadily, and sometimes not 
at all, in ordinary atmospheric air. In pure oxygen it burns with 
a greenish-yellow flame, 10 forming water, whilst the nitrogen set free 

p res sures are equal at about 80°; consequently, at higher temperatures it is greater 
than the atmospheric pressure, whilst at lower temperatures the ammonia is absorbed 
and forms this compound. Consequently, all the phenomena of dissociation are here 
clearly to be observed. Joannis and (Troisier (1894) investigated similar compounds 
with AgBr, Agl, AgCN and AgNOj, and found that they all give definite compounds 
with NH S , for instance AgBr,8NH s , SAgBr,8NH 3 and AgBr,2NH 3 ; they are all colourless, 
solid substances which decompose under the atmospheric pressure at +86, ♦ 84° and 
+51°. 

9 The liquefaction of ammonia may be accomplished without an increase of pressure, 
by means of refrigeration alone, in a carefully prepared mixture of ice and calcium 
chloride (because the absolute boiling point of NH S is high, about + 180°). It may even 
lake place in the severe frosts of a Russian winter. The application of liquid ammonia 
at a motive power for engines forms a problem which has to a certain extent been solved 
by the French engineer Tellier. 

10 The combustion of ammonia in oxygen may be effected by the aid of platinum. 
A small quantity of an aqueous solution of ammonia, containing about 90 p.o. of the gas, 
to poured into a wide-necked beaker of about one litre capacity. A gas-conducting tuba 
about 10 mm. in diameter, and supplying oxygen, is immersed in the aqueous solution of 
ammonia. But before introducing the gas an incandescent platinum spiral is placed m 
the beaker; the ammonia in the presence of the platinum is oxidised and burns, whilst 
the platinum wire becomes still mote moandccoent. The solution of ammonia U heated, 
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gives its oxygen compounds — that is, oxides of nitrogen. The decomposi- 
tion of ammonia into hydrogen and nitrogen not only takes place at a 
red beat and under, the action of electrio sparks, bat also by means of 
many oxidising substances ; for instance, by passing ammonia, through 
a tube containing red-hot oopper oxide. The water thus formed may 
.be oolleoted by substances absorbing it, and the quantity of nitrogen 
may be measured in a gaseous form, and thus the composition of 
ammonia determined. In this manner it is very easy to prove that 
ammonia contains 3 parts by weight of hydrogen to 14 parte by 
weight of nitrogen ; and, by volume, S vols, of hydrogen and 1 vol. of 
nitrogen form 2 vols, of ammonia. 11 

Ammonia is capable of oombining with a number of substances, 
forming, like water, substances of various degrees of stability. It is 
more soluble than any of the gases yet described, both in water and in 
many aqueous solutions. We have already seen, in the first chapter, 
that one volume of water, at the ordinary temperature, dissolves about 
tOO vols, of ammonia gas. The great solubility of ammonia enables it 
to be always kept ready for use in the form of an aqueous solution, 1 * 

and oxygen passed through lb* solution. The oxygen, as it bubbles off from the ammonia 
solution, carries with il a peri of Ibt ammonia, end ihia mixture explodes on coming 
into contact with the inoendesotnt platinum. This, is followed by e certain cooling 
effect, owing to the oombottion p ettin g, bat titer t short interval this -is renewed, so 
that ont feeble explosion follows titer mother. Daring ths period of oxidation without 
explosion, white Ttpoors of ammonium nitrite end red-brown vapours oicuo^es of nitrogen 
make their appearance, whilt daring the explosion there is oomplete oombastion and 
oonttqaently water and nitrogen are formed. 

" This may be verifled by their densities. Nitrogen is 14 times denser than hydro- 
gen, and ammonia is ty times. If 8 volumes of hydrogen with 1 volume of nitrogen gave 
4 volumes of ammonia, then these 4 Tolnmes would weigh 1? times at moon at 1 Tolome 
of hydrogen; eonseqoently 1 volume of ammonia would be 4* times heavier than the 
tame volume of hydrogen. Bat if thee* 4 volumes only give 9 volumes of "w^if, 
the latter will be Sg timet at dense at hydrogen, which it found to be actually the 



11 Aqueous solutions of ammonia are lighter than water, and at 15°, taking water at 
4°« 10,000, their specific gravity, as dependent on p % or the percentage amount (by 
weight) of ammonia, is given by the expression •■ 9,909 ->49*5p + 0*91p*; for instance, with 
10 p.cf« 9,587. If t represents the temperature between the limits of +X0° and +90°, then 
the expression (15—1) (r*+0*le» must be added to the formula for the spedne gravity. 
Solutions containing more than 94 p.c have not been sufficiently investigated in respect 
to the variation of their specifio gravity, It is, however, easy to obtain more concentrated 
solutions, and at 0° solutions approaching NH^Q (48*6 p.c. NH 8 ) in their composition, 
and of sp. gr. 0*85, may be prepared. But suoh solutions give up the bulk of their' 
f mmftm* »t the ordinary temperature, so that more than 94 p.c NH S is rarely contained 
in solution. Ammoniaoal solutions containing a considerable amount of am mon ia give 
ioe-like crystals whioh seem to contain ammonia at temperatures far below 0° (for instance, 
an 8 p.©. solution at - 14°, the strongest solutions at -48°). The whole of the ammonia 
may be expelled from a solution by heating, even at a comparatively low temperature ; 
henoe on heating aqueous solutions containing ammonia a very strong solution of 
ammonia is obtained in the disttylate. Alcohol, ether, and many other liquids are also 
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which is commercially known as spirit* of hartshorn. Ammonia water 
U continually evolving ammoniacal vapour, and so has the characteristic 
smell of ammonia itself. It is a very characteristic and important fact 
that ammonia has an alkaline reaction, and colours litmus paper blue, 
just like caustic potash or lime ; it is therefore sometimes called caustic 
ammonia (volatile alkali). Acids may be saturated by ammonia water 
Or gas in exactly the same way as by any other alkali. In this process 
ammonia combines directly with acids, and this forms the most essential 

capable of dissolving ammonia. Solutions of ammonia, when exposed to the atmosphere, 
give off a part of their ammonia in accordance with the laws of the solution of gases in 
liquids, which we have already considered. But the ammoniacal solutions at the same 
time absorb carbonic anhydride from the air, and ammonium carbonate remains in the 
solution. 

Solutions of ammonia are required both for laboratory and factory operations, and have 
therefore to be frequently prepared. For this purpose the arrangement shown in fig. 46 
is employed in the laboratory. In works the same arrangement is used, only on a larger 
scale (with earthenware or metaUio vessels). The gas is prepared in the retort, from 




Fio. 46.— Apparatus for preparing solutions ot ammonia. 

whence it is led into the two-necked globe A, and then through a series of Woulfe'a 
bottles, B, 0, D, E. The impurities spurting over collect in A, and the gas is dissolved 
in B, but the solution soon becomes saturated, and a purer (washed) ammonia passes 
over into the following vessels, in which only a pure solution is obtained. The bent 
funnel tube in the retort preserves the apparatus from the possibility both of the pres- 
sure of the gas evolved in it becoming too great (when the gas escapes through it into 
the air), and also from the pressure incidentally falling too low (for instance, owing to a 
cooling effect, or from the reaction stopping). If this takes place, the air passes into the 
retort, otherwise the liquid from B would be drawn into A. The safety tubes in each 
Woulfe's bottle, open at both ends, and immersed in the liquid, serve for the same purpose. 
Without them, in case of an accidental stoppage in the evolution of so soluble a gas as 
ammonia, the solution would be sucked from one vessel to another— for instance, from E 
into D,.&c. In order to clearly see the necessity for safety tubes in a gas apparatus, 
it must be remembered that the gaseous pressure in the interior of the arrangement must 
exceed the atmospherio pressure by the height of the sum of the columns of liquid 
through which the gas has to pass. 
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chemical reaction of this substance. If sulphuric, nitric, acetic, or air/ 
other acid be brought into contact with ammonia it absorb* it, and in 
to doing evolves a large amount of heat and forms a compound having 
all the properties of a salt Thus, for example, sulphuric acid, H 2 80„ 
in absorbing ammonia, forms (on evaporating the solution) two salts, 
according to the relative quantities of ammonia and acid. One salt is 
formed from NH 3 + H,S0 4 , and consequently has the composition 
NH58O4, and tho other is formed from 2NH 3 + H a S0 4 , and its com- 
position is therefore N,H 8 80 4 . The former has an acid reaction and the 
latter a neutral reaction, and they are called respectively acid ammonium 
sulphate (ammonium hydrogen sulphate), and normal ammonium 
sulphate, or simply ammonium sulphate. The same takes place in the 
action of all other acids \ but certain of them are able to form normal 
ammonium salts only, whilst others give both acid and normal ammonium 
salts. This depends on the nature of the acid and not on the ammonia, 
as we shall afterwards see. Ammonium salts are very similar in appear* 
ance and in many of their properties to metallio salts ; for instance, 
sodium chloride, or table salt, resembles sal-ammoniac, or ammonium 
chloride, not only in its outward appearance but even in crystalline 
form, in its property of giving precipitates with silver salts, in its solu- 
bility in water, and in its evolving hydrochloric acid when heated with 
sulphuric acid — in a word, a most perfect analogy Is to be remarked 
in an entire series of reactions. An analogy in composition is seen 
if sal-ammoniac, NH 4 C1, be compared with table salt, NaCl ; and the 
ammonium hydrogen sulphate, NH 4 HS0 4 , with the sodium hydrogen 
sulphate, NaHS0 4 5 or ammonium nitrate, NH 4 NOa, with sodium 
nitrate, NaNO a . ,s It is seen, on comparing the above compounds, that 
the part which sodium takes in the sodium salts is played in ammonium 
salts by a group NH 4 , which is called ammonium. If table salt be 

|S The analogy between the ammonium and sodium salts might seem to be destroyed 
by the fact that the latter are formed from the alkali or oxide and an acid, with the sepa- 
ration of water, whilst the ammonium salts are directly formed from ammonia and an 
acid, without the separation of water ; but the analogy Is restored if we compare soda to 
ammonia water, and liken oaustic soda to a compound of ammonia with water. Then the 
very preparation of ammonium salts from such a hydrate of ammonia will completely re- 
semble the preparation of sodium salts from soda. We may cite as an example the action 
of hydrochloric acid on both substances. 

NaHO s- HOI. - H 3 + NaCl 

Sodium hydroxide Hydrochloric acid Water. Table salt 

NH<HO ♦ Ha H9O + NH^Cl 

Ammonium hydroxide Hydrochloric acid Water Bal-ammcmiao 

Just as in soda the hydroxyl or aqueous radicle OH is replaced by chlorioe, so U It in 
emmonia hydrate. 
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called 'sodium chloride,' then sal-ammoniac should be and is called 
« ammonium chloride.' 

The hypothesis that ammoniacal salts correspond with a complex 
metal ammonium bears the name of the ammonium theory. It was 
enunciated by the famous Swedish chemist Berzelius after the proposi- 
tion made by Ampere, The analogy admitted between ammonium and 
metals is probable, owing to the fact that mercury is able to form an 
amalgam with ammonium similar to that which it forms with sodium 
< or many other metals . The only difference between ammonium amalgam 
and sodium amalgam consists inihe instability of the ammonium, which 
easily decomposes into ammonia and hydrogen. 14 Ammonium amalgam 
may be prepared from sodium amalgam. If the latter be shaken up 
with a strong solution of sal-ammoniac, the mercury swells up violently 
and loses its mobility whilst preserving its metallic appearance. In so 
doing, the mercury dissolves ammpnium — that is, the sodium in the 
mercury is replaced by the ammonium, and replaces it in the sal- 

14 Weyl (1864) by subjecting sodium to the action of ammonia at the ordinary tern- 
peratnre and under considerable pressures, obtained a liquid, which was subsequently 
investigated by Joannis (1889), who confirmed the results obtained by Weyl. At 0° and 
the atmospheric pressure the composition of this sabstance is Na+58NH 3 . The 
removal (at 0°) of ammonia from the liquid gives a solid copper-red body having the 
composition NHgNe. The determination of the molecular weight of this substance by 
the fall of the tension of liquid ammonia gave NsHftNa* It is, therefore, free ammonium 
in which one H is replaced by Na. The compound with potassium, obtained under the 
same conditions, proved to have an analogous composition. By the decomposition of 
NHjNa at the ordinary temperature, Joannis (1891) obtained hydrogen and sodium- 
amide NHgNa in small colourless crystals which were soluble in water* The addition of 
liquid ammonia to metallic sodium and a saturated solution of sodium chloride, gives 
NHaNaaCl, and this substance is sal-ammoniac, in which Hj is replaced by Na* 

If pure oxygen be passed through a solution of these compounds in ammonia at a 
temperature of about — 50°, it is seen that the gas is rapidly absorbed. The liquid gradu- 
ally loses its dark red colour and becomes lighter, and when it has become quite colour- 
leas a gelatinous precipitate is thrown down. After the removal of the ammonia, this 
precipitate dissolves easily in water with a considerable evolution of heat, but without 
giving off any gaseous products. The composition of the sodium compound thus obtained 
is NHjNaaHO, which shows that it is a hydrate of bisodium-ammonium. Thus, although 
free ammonium has not been obtained, still a sodium substitution product of it is known 
which corresponds to it as a salt to a hydrate. Ammonium amalgam was originally 
obtained in exactly the same way as sodium amalgam (Davy) ; namely, a piece of sal- 
ammoniac was taken, and moistened with water (in order to render it a conductor of 
electricity). A cavity was made in it, into which mercury was poured, and it was laid on 
a sheet of platinum connected with the positive pole of a galvanic battery, while the 
negative pole was put into connection with the mercury. On passing a current the 
mercury increased considerably in volume, and became plastic, whilst preserving its 
metallic appearance, just as would be the case were the sal-ammoniac replaced by a lump, 
of a sodium salt or of many other metals. In the analogous decomposition of common 
metallic salts, the metal contained in a giren salt separates out at the negative pole, im- 
mersed in mercury, by which the metal is dissolved- A similar phenomenon is observed 
in the case of sal-ammoniac ; the elements of ammonium, NH* in this case are also 
collected in the mercury, and are retained by it for a certain time. 
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ammoniac, forming sodium chloride, NH 4 C1 + HgNa=sNaCl + HgNH 4 . 
Naturally, the formation of ammonium amalgam does not entirely prove 
the existence of ammonium itself in a separate state ; but it shows the 
possibility of this substance existing, and its analogy with the metals, 
because only metals dissolve in mercury l * Ammonium amalgam crystal- 
lises in cubes, three times heavier than water ; it is only stable in the 
cold, and particularly at very low temperatures. It begins to decompose 
at the ordinary temperature, evolving ammonia and hydrogen in the 
proportion of two volumes of ammonia and one volume of hydrogen, 
NH 4 =NH 8 + H. By the action of water, ammonium amalgam gives 
hydrogen and ammonia water, just as sodium amalgam gives hydrogen 
and sodium hydroxide ; and therefore, in accordance with the ammonium 
theory, ammonia water must be looked on as containing ammonium 
hydroxide, NH 4 OH, 18 just as an aqueous solution of sodium hydroxide, 
contains NaOH. The ammonium hydroxide, like ammonium itself, is 
an unstable substance, which easily dissociates, and can only exist in 
a free state at low temperatures. 17 Ordinary solutions of ammonia 
must be looked on as the products of the dissociation of this hydroxide, 
inasmuch as NH 4 OH=NH 3 + H 2 0. 

All ammoniacal salts" decompose at a red heat into ammonia and an 
acid, which, on cooling in contact with each other, re- com bine together. 
If the acid be non-volatile, the ammoniacal salt, when heated, evolves 
the ammonia, leaving the non- volatile acid behind ; if the acid be 
volatile, then, on heating, both the acid and ammonia volatilise together, 
and on cooling re-combine into the salt which originally served for tlie 
formation of their vapours. 18 

>* We may mention, however, that under particular conditions hydrogen is also 
capable of forming an amalgam resembling the amalgam of ammonium. If an ^^g*™ 
of sine be shaken up with an aqueous solution of platinum chloride, without access of 
air, then a spongy mass is formed which easily decomposes, with the evolution of 
hydrogen. 

16 We saw above that the solubility of ammonia in water at low temperatures attains 
to the molecular ratio NH 3 +H 2 0, in which these substances are contained in oaustio 
ammonia, and perhaps it may be possible at exceedingly low temperatures to obtain 
ammonium hydroxide, NH4HO, in a solid form. Regarding solutions as dissociated 
definite compounds, we should see a confirmation of this view in the property shown by 
ammonia of being extremely soluble in water, and in so doing of approaching to the 
limit NH4HO. 

17 In confirmation of the truth of this conclusion we may cite the remarkable fee* 
that there exist, in a free state and as comparatively stable compounds, a series of alka* 
line hydroxides, NR<HO, which are perfectly analogous to ammonium hydroxide, and 
present a striking resemblance to it and to sodium hydroxide, with the only difference" 
that the hydrogen in NH4HO is replaced by complex groups, R«CH* C9H* &o* foe> 
Instance N(CH 3 ) 4 HO. Details will be found in organic chemistry. 

w The fact that ammoniacal salts are decomposed when ignited, and not simply 
sublimed, may be proved by a direct experiment with sal-ammoniac, NH4CI, which in a 
state of vapour is decomposed into ammonia, NH* and hydrochlorioecid, HC1, as will 
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Ammonia is not only capable of combining with acids, bnt alio 
with many salts, as was seen from its forming definite compounds, 
AgCl,3NH 8 and 2AgCl,3NH„ with silver chloride. Just as ammonia 
is absorbed by various oxygen salts of the metals, so also is it absorbed 
by the chlorine, iodine, and bromine compounds of many metals, and in 
so doing evolves heat. Certain of these compounds part with their 
ammonia even when left exposed to the air, but others only do so at a 
red heat ; many give up their ammonia when dissolved, whilst others 
dissolve without decomposition, and when evaporated separate from their 
solutions unchanged. All xhese foots only indicate that ammoniacal, 
like aqueous, compounds dissociate with greater or lesser facility. 1 * 
Certain metallic oxides also absorb ammonia and are dissolved in 
ammonia water. Such are, for instance, the oxides of zinc, nickel, 
copper, and many others ; the majority of such compounds are unstable. 
The property of ammonia of combining with certain oxides explains 
its action on certain metals. 90 By reason of such action, copper vessels 
are not suitable for holding liquids containing ammonia. Iron is not 
acted on by such liquids. 

The similarity between the relation of ammonia and water to salts 
and other substances is more' especially marked in those cases in which 
the salt is capable of combining with both ammonia and water. Take, 
for example, copper sulphate* CuS0 4 . As we saw in Chapter I., it 
gives with water blue crystals, CuS0 4 ,5H,0 ; but it also absorbs 
ammonia in the same molecular proportion, forming a blue substance, 
CuS0 4 ,5NH a , and therefore the ammonia combining with salts may 
be termed ammonia of crystallisation* 

Such are the reactions of combination proper to ammonia. Let us. 
now turn our attention to the reactions of substitution proper to this 
substance. If ammonia be passed through a heated tube containing 
metallic sodium, hydrogen is evolved, and a compound is obtained 

be explained in the following chapter. The readiness with which ammonium ealtt decom- 
pose is seen from the fact that a solution of ammonium oxalate is decomposed with the 
evolution of ammonia even at —1°. Dilate solutions of ammonium salts, when boOed. 
•give aqueous vapour having an alkaline reaction, owing to the presence of free ammonia 
given off from the salt. 

*• Isambert studied the dissociation of ammoniacal compounds, as we have seen in 
Note 8, and showed that at low temperatures many salts are able to combine with a 
still greater amount of ammonia, which proves an entire analogy with hydrates ; and as 
in this case it is easy to isolate the definite compounds, and as the least possible tension 
of ammonia is greater than that of water, therefore the ammoniacal oompounds present 
a great and peculiar interest, as a means for explaining the nature of aqueous sola- 
tione and as a confirmation of the hypothesis of the formation of definite oompounds in 
them ; for these reasons we shall frequently refer to these oompounds in tbe further ex- 
position of this work. 

* Chapter V., Note 9. 
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bines with acids and resembles ammonia in this respect In the action 
of different substances on ammonia it is the hydrogen that is substituted, 
whilst the nitrogen remains in the resultant compound, so to say, un- 
touched. The same phenomenon is to be observed in the action of 
various substances on water. In the majority of cases the reactions 
of water consist in the hydrogen being evolved, and in its being 
replaced by different elements. Thii also takes place, as we have seen, 
in acids in which the hydrogen is easily displaced by metals. This 
chemical mobility of hydrogen is perhaps connected with the great 
lightness of the atoms of this element. 

In practical chemistry 81 bb ammonia is often employed, not only for 
saturating acids, but also for effecting reactions of double decomposi- 

f rom the heat of combustion, determined by burning N2H4H96O4 in a ealorimetrio bomb, 
■+• 127*7 C. Thus hydrazine it an endothermal compound ; its passage into ammonia by 
the combination of hydrogen is accompanied by the evolution of 515 C. In the presence 
of an acid these figures were greater by + 14*4 C. Hence the direct converse passage 
from ammonia into hydrazine is impossible. As regards the passage of hydrozylamine 
into hydrazine, it would be accompanied by the evolution of heat ( + 215 C.) in an aqueous 
solution. 

Amidogen must be regarded as a compound which stands to ammonia in the same 
relation ss hydrogen peroxide stands to water. Water, H(OH), gives, according to the 
law of substitution, as was clearly to be expected, (OH)(OH)— that is, peroxide of hydro- 
gen is the free radicle of water (hydroxyl). 80 also ammonia, H(NH 3 ), forms hydrazine, 
(NH^)(NH. i ) — that is, the free radicle of ammonia, NHj, or amidogen. In the case of 
phosphorus a similar substance, as we shall afterwards see, has long been known under 
the name of liquid phosphuretted hydrogen, PsH 4 . 

>i bb in practice, the applications of ammonia are very varied. The use of ammonia as 
a stimulant, in the forms of the so-called ' smelling salts ' or of spirits of hartshorn, in 
cases of faintness, &c, is known to everyone. The volatile carbonate of ammonium, or a 
mixture of an ammonium salt with an alkali, is also employed for this purpose. Ammonia 
also produces a well-known stimulating effect when rubbed on the skin, for which reason 
it is sometimes employed for external applications. Thus, for instance, the well-known 
volatile salve is prepared from any liquid oil shaken up with a solution of ammonia. A 
portion of the oil is thus transformed into a soapy substance. The solubility of greasy 
substances in ammonia, which proceeds from the formation both of emulsions and soaps, 
explains its use in extracting grease spots. It is also employed as an external application 
for stings from insects, and for bites from poisonous snakes, and in general in medicine. 
It is also remarkable that in cases of drunkenness a few drops of ammonia in water taken 
internally rapidly renders a person sober. A large quantity of ammonia is used in 
dyeing, either for the solution of certain dyes — for example, carmine— or for changing 
the tints of others, or else for neutralising the action of acids. It is also employed in 
the manufacture of artificial pearls. For this purpose the small scales of a peculiar 
small fish are mixed with ammonia, and the liquid so obtained is blown into small hollow 
glass beads shaped like pearls. 

In nature snd the arts, however, ammonium salts, and not free ammonia, are most 
frequently employed. In this form a portion of that nitrogen which is necessary for the 
formation of albuminous substances w supplied to planU. Owing to this, a large 
quantity of ammonium sulphate is now employed as a fertilising substance. But the same 
effect may be produced by nitre, or by animal refuse, which in decomposing gives 
ammonia. For this reason, an ammoniacal (hydrogen) compound may be introduced into 
the soil in the spring which will be converted into a nitrate (oxygen salt) in the summer. 
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tion with salts, and especially for separating insoluble Basic hydroxide* 
from soluble salts. Let MHO stand for an insoluble basic hydroxide 
and HX for an acid. The salt formed by them will have A composition 
MHO + XH - H a O = MX. If aqueous ammonia, NH 4 0H, be added 
to a solution of this salt, the ammonia will change places with the 
metal M, and thus form the insoluble basic hydroxide, or, as it is said, 
give a precipitate. 

MX + NH 4 (OH) » NH 4 X + MHO 

Salt of the metal. Aqueous ammonia. Ammonium salt Basic hydrate. 
In solution In solution In solution As precipitate 

Thus, for instance, if aqueous ammonia is added to a solution of a 
salt of aluminium, then alumina hydrate is separated out as a colourless 
gelatinous precipitate. 81 

In order to grasp the relation between ammonia and the oxygen 
compounds of nitrogen it is necessary to recognise the general law of 
substitution, applicable to all cases of substitution between elements, 1 * 
and therefore showing what may be the cases of substitution between 
oxygen and hydrogen as component parts of water. The law of sub- 
stitution may be deduced from mechanical principles if the molecule be 
conceived as a system of elementary atoms occurring in a certain chemical 
and mechanical equilibrium. By likening the molecule to a system of 
bodies in a state of motion — for instance, to the sum total of the sun, 
planets, and satellites, existing in conditions of mobile equilibrium — 
then we should expect the action of one part, in this system, to be 
equal and opposite to the other, according to Newton's third law of 
mechanics. Hence, given a molecule of a compound, for instance, 
H 2 0, NH 3 , NaCl, HO, <ko., its every two parts must in a chemical sense 

M As certain basic hydrates form peculiar compounds with ammonia, in some cases 
it happens that the first portions of ammonia added to a solution of a salt produce a pre- 
cipitate, whilst the addition of a fresh quantity of ammonia dissolves this precipitate if 
the ammoniacal compound of the base be soluble in water. This, for example, takes 
place with the copper salts. But alumina does not dissolve under these circumstances. 

13 When the element chlorine, as we shall afterwards more fully learn, replaces the 
element hydrogen, the reaction by which such an exchange is accomplished proceeds 
as a substitution, AH + Cl 3 » AC1 + HC1, so that two substances, AH and chlorine, react 
on each other, and two substances, AC1 and HC1, are formed ; and further, two molecules 
react on each other, and two* others are formed. The reaction proceeds very easily, but 
the substitution of one element, A, by another, X, does not always proceed with such 
ease, olearness, or simplicity. The substitution between oxygen and hydrogen is very 
rarely accomplished by the reaction of the free elements, but the substitution between 
these elements, one for another, forms the most common case of oxidation anct reduction. 
In speaking of the law of substitution, I have in view the substitution of the element* 
one by another, and not the direct reaction of substitution. The law of substitution 
determines the cycle of the combinations of a given element, if a few of Its compounds 
(for instance, tho hydrogen compounds) be known. A development of the conceptions 
of the law of substitution may be found in my lecture given at the Royal Institution in 
London, 1830. 
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represent two things somewhat alike in force and properties, and therefore 
every two parte into which a molecule of a compound may be divided 
are capable of replacing each other. In order that the application of 
the law should become clear it is evident that among compounds the 
most stable should be chosen. We will therefore take hydrochloric acid 
and water as the most stable compounds of hydrogen. 24 According to 
the above law of substitution, if the elements H and CI are able to 
form a molecule, HC1, and a stable one, they are able to replace each 
other. And, indeed, we shall afterwards see (Chapter XI.) that in a 
number of instances a substitution between hydrogen and chlorine can 
take place. Given RH, then RC1 is possible, because HC1 exists and 
is stable. The molecule of water, H 2 0, may be divided in two ways, 
because it contains 3 atoms : into H and (HO) on the one hand, and 
into H 2 and on the other. Consequently, being given RH, its 
substitution products will be R(HO) according to the first form, and 
R 2 according to the second ; being given RH 2 , its corresponding 
substitution products will be RH(OH), R(OH) 2 , RO, (RH) t O, Ac. 
The group (OH) is the same hydroxyl or aqueous radicle which we 
have already mentioned in the third chapter as a component part of 
hydroxides and alkalis — for instance, Na(OH), Ca(OH) 2 , <fec. It is 
evident, judging from H(HO) and HC1, that (OH) can be substituted by 
CI, because both are replaceable by H ; and this is of common occurrence 
in chemistry, because metallic chlorides— for example, NaCl andNH 4 Cl 
— correspond with hydroxides of the alkalis Na(OH) or NH 4 (OH). 
In hydrocarbons — for instance, C 2 H 6 — the hydrogen is replaceable by 
chlorine and by hydroxy]. Thus ordinary alcohol is C 2 H 6 , in which 
one atom of H is replaced by (OH) ; that is, C 2 H 5 (OH). It is evident 
that the replacement of hydrogen by hydroxyl essentially forms the 
phenomenon of oxidation, because RH gives R(OH), or RHO. 
Hydrogen peroxide may in this sense be regarded as water in which the 
hydrogen is replaced by hydroxyl ; H(OH) gives (OH) 2 or H t O r The 
other form of substitution — namely, that of O in the place of H 2 — is 
also a common chemical phenomenon. Thus alcohol, C 2 H 6 0, or 
C 2 H 6 (OH), when oxidising in the air, gives acetic acid, C t H 4 2> or 
C 2 H 3 0(OH), in which H 2 is replaced by O. 

In the further course of this work we shall have occasion to refer to 
the law of substitution for explaining many chemical phenomena and 
relations. 

M If hydrogen peroxide be Uken as a starting point, then still higher forms of oxida- 
tion than those corresponding with water should be looked for. They should possess the 
properties of hydrogen peroxide, especially that of parting with their oxygen with ex- 
treme ease (even by contact). Such compounds are known. Pemitric, porsolphurio, sad 
similar aeids present these properties, as we shall see in describing them. 
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We wflUow apply these conceptions to ammonia in order to see iU 
JE££ oxyg" TO mponnd.of nitrogen. It is e^ent ^tat m«y 
Ounces should be obtainable from ammoma, NH M or aqueous 
ammonia, NH 4 (OH), by substituting their hydrogen by hydroxyl, or H, 
WoTgtn And such is the case. ^^^^tJ^'t^t 
SSwillUasfoUows: (1) One atom of H in NH, is substrtuted by 
£h anlNH a (OH) U produced. Such a substance, sttll contmnbg 
much hydrogen should have many of the properties of ammonia. It » 
Wn undTthe name of Hydroxy^," and. in faot,is capable,!^ 

* X.. .ompound o. *+^XX»2i -£^ ^^ 
NH,(0H)HCl-NH,C10-tb»l ... Is m * ™*£££ %£ u th, pre «,c ol 

■SJffli H^-^H^S^Ha 4 Wa'to, Ale*. 

HC1 and 8n 
Tb« in thU e»» Ih. nitric scid i. d^xidi^, n^ dir^U, into »U^bu*^M^. 

NOOH^C~Soa-»d in m»"oth.r cm*' According to IW. me** . 

ehlori. acid of ^£ l^J^^*.^ 

TST^J^^SSS ^.amount of ^"unontoo U thu. obuin* 
Ewt to tefcritr .UtaStK- «?5- bydroxylnmin. compound th. byd*** 
ffi jSp^U.*^™*-)'. ablution ^^^"^^ 
SKA- -»» * ^X^^^ni^ "fuf^nSgt 

^tot^^ 

«^»to. in cry.Ul.. Thi. .ub.tanc. melt. at about ISO", and in «> doing i«™V» 
te!Tnto«.n hydrogen chloride, water, and «J»mmontoo. A .ulphurio acid com- 
into »>«J>«« n ' "JT*j_, _.. £ bUinod by mixing a .olution of lb. .bore •»!* 

ffjfS bXixylnmin., Uk. ammonia itoelf, form, a aerie, of .alt. In which nn. 
^^^imSutaSlto another. It might be expected that by mixing a .trong 
tdutiTof a SS^^ESh a .olution of a eau.ti. alkali bydtoxylamin. to* 
I^mL MWrfiStM an ammonia Kit nnder the» clrcnm.tance. erolve. ammoniai 
^l^^y^ria^lnXiam^lately decompced with the formation of n tro- 
^ taenia (S P^babl, nitron, oxide), 8 NH,0-NH 5+ SH,0 + N,. DUuto 
1SJSL gC?he «L ration, although very lowly, but by *7^"*£* of 
£ «nlphaU with barinm hydroxide a cerUin amount of hydroxylase . . obtninedin 
SfaUonOt i. partly decompowd). Hydioxylamine in aqueou. .olution, l*e ammonia, 

SSTfts. hydroxyUmin. wa. obtained by Lobry de Brnyn (1891 . It to a johd, 
^lo»to^taUtoV.nb.Unc., without odour, which doe. not melt below «•. It ha. 
^Wty rf di-olying meUllio .alt.; for l».tonee, .odium chloride. Uydroxytomin., 
Tl^ffl, heatod with platinum, deoompo*. with a fla* and the formation of a 
3£r «£i? iHrimort in»l.btoin ordinSy .olr.nt. like chloroform, b.** aoetlc 
eCJnd carbon btoulphide. It. aqueou. dilution, are tolerably .table, contain up to 
Smtto. gr. 111 st m, »»a ■*, be kept for many week, without undergotag any 
SiJLrtdSr de Bruyn wed the hydrochlorio .alt to prepare pun. hydroxylamlne. 
STSt ,m tori JSTJZilim mesylate (CH.HeO), and th.om.thy) alcohol w* 
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amtnonia, of giving salts with adds; for example, with hydrochloric 
acid, NH,(OH)Cl — which is a substance corresponding to sal- am mouiac, 
in which one atom of hydrogen is replaced by hydroxy L Wbto (2) The 

added to the mixture. The precipitated sodium chloride was separated from the solution 
by filtration- (The methyl alcohol it added to prerent the precipitated chloride of sodium, 
from coating the insoluble hydrochlorio salt of hydroxylamine.) The methyl alcohol was 
driven oil under a pressure 150-200 mm.,.and after extracting a further portion of methyl 
alcohol by ether and several fractional distillations, a solution was obtained containing 
70 per cent, of free hydroxylamine, 8 per cent water, 9*9 per cent, chloride of sodium, an3 
19*1 per cent of the hydrochlorio salt of hydroxylamine. Pure free hydroxylamine) 
NHjO, is obtained by distilling under a pressure of 60 mm. ; it then boils at 70°, and 
solidifies in a condenser cooled to 3 in the form of long needles. It melts at 83°, boils 
at 66° under a pressure of 22 mm., and has a sp. gr. of about 1*285 (Briihl). Under the 
action of NaHO it gives NH 3 and $iHO a or N t O, and forms nitric acid (Kolotoff, 1898) 
under the action of oxidising agents. Hydroxylamine is obtained in a great number of 
eases, for instance by the action of tin on dilute nitric acid, and also by the action of 
sine on ethyl nitrate and dilute hydrochloric acid, &c The relation between hydroxyl- 
amine, NH 2 (OH), and nitrous acid, NO(OH), which is so clear in the sense of the law of 
substitutions, becomes a reality in those cases when reducing agents act on salts of 
nitrous acid. Thus Raschig (1888) proposed the following method for the preparation of 
the hydroxylamine sulphate. A mixture of strong solutions of potassium nitrite, KNO*, 
and hydroxide, KHO, in molecular proportions, is prepared and cooled. An excess of 
sulphurous anhydride is then passed into the mixture, and the solution boiled for a long 
time. A mixture of the sulphates of potassium and hydroxylamine is thus obtained : 
KN0 3 +KHO + 2SOa+2H a O«NH2(OH),H a 804+K 3 S0 4 . The salts may be separated 
from each other by crystallisation. 

» bb 1^ or der to illustrate the application of the law of substitution to a given case, 
and to show the connection between ammonia and the oxides of nitrogen, let us consider 
the possible products of an oxygen and hydroxyl substitution in caustic ammonia, 
NH^OH). It is evident that the substitution of H by OH can give: (1) NH 3 (OH) a j. 
(2) NHa<OH) 3 ; (8) NH(OH) 4 ; and (4) N(OH) 4 . They should ail, like caustic ammonia 
itself, easily part with water and form products (hydroxyl ic) of tho oxidation of am- 
monia. The first of them is the hydrate of hydroxylamine, "NH 2 (OH) + H a O ; the second, 
NH(OH) 3 + H 3 (and also the substance NH(OH) 4 or NHjOj), containing, as it does, 
both hydrogen and oxygen, is able to part with all its hydrogen in the form of water 
(which could not be done by the first product, since it contained too little oxygen), forming, 
as the ultimate product, 2NH 2 (OH) 3 -5H 2 = N 2 0— that is, it corresponds with nitrous 
oxide, or the lower degree of the oxidation of nitrogen. So, also, nitrous anhydride 
corresponds with the third of the above products, 2NH(OH) i -6H 2 = N 2 5 , and nitrio* 
anhydride with the fourth, 2N(OH) 5 -5H 2 = N 2 0$. As, in these three equations, two 
molecules of the substitution products (-BH 2 0) are taken, it is also possible to combine 
two different products in one equation. For instance, the third and fourth products : 
NH(OH) 4 + N(OH) 5 - 5H 2 corresponds to N 2 4 or 2N0 2 , that is, to peroxide of nitrogen. 
Thus .all the five (see later) oxides df nitrogen, N 2 0, NO, N 8 5 , N0 2 , and N 2 4 , may be 
deduced from ammonia. The above may be expressed in a general form by the equation 
(it should be remarked that the composition of all the substitution products of caustio 
ammonia may be expressed by NH ft 4 - a , where a varies between and 4) i 

NH«Oa -«+ NH 4 4 -»- BHaO - N 8 4 -(«*»>» 
where a+6 can evidently be not greater than 5; when a+o«5 we have N 8 - nitrogen, 
when- 4 we have N a O nitrous oxide; when a+o=3 we have N 2 2 or NO -ni trio oxide, 
and so on to N s O*, when a + 6 » 0. Besides which it is evident that intermediatej>roducti 
may correspond with (and hence also break up into) different starting points ; for instance* 
K«0 is obtained when o+o«2, and this may occur either when a=0 (nitric acid), ana 
6b 9 (hydroxylamine), or when a-©- 1 (the third of the above substitution products). 
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other extreme case o! substitution is that given by ammonium hydroxide, 
NH 4 (OH), when the whole of the hydrogen of the ammonium is re- 
placed by oxygen ; and, as ammonium contains 4 atoms of hydrogen, 
the highest oxygen compound should be N0 2 (OH), or NH0 3 , as we 
find to be really the case, for NHO, is nitric acid, exhibiting the 
highest degree of oxidation of nitrogen.** If instead of th« two 
extreme aspects of substitution we take an intermediate one, we obtain 
the intermediate oxygen compounds of nitrogen* For instance, 
N(OH) 3 is orthonitrous acid,* 7 to which corresponds nitrous acid, 
NO(OH), or NHO„ equal to N(OH),— H,0, and nitrous anhydride, 
N t O a s2N(OH)|— 3H s O. Thus nitrogen gives a series of oxygen 
compounds, which we will proceed to describe. We will, however, first 
show by two examples that in the first place the passage of ammonia 
into the oxygen compounds of nitrogen up to nitric acid, as well as the) 
converse preparation of ammonia (and consequently of the intermediate) 
compounds also) from nitric acid, are reactions which proceed directly 
and easily under many circumstances, and in the second place that the 
above general principle of substitution gives the possibility of under- 
standing many, at first sight unexpected and complex, relations and 
transformations, such as the preparation of hydro- nitrous acid, HN S . In 
nature the matter is complicated by a number of influences and cir- 



" Nitric acid corresponds with the anhydride N a 4 , which will afterwards be described, 
but which mutt be regarded as the highest saline oxide of nitrogen, just as Na*0 (and the 
hydroxide NaHO) in the case of sodium, although •odium forms a peroxide possessing the 
property of parting with its oxygen with the same eaie as hydrogen peroxide, if not on 
heating, at all events in reactions— for instance, with acids. So also nitric acid has its 
corresponding peroxide, which may be called pernitric acid. Its composition is not weU 
known— probably NH0 4 — so that its corresponding anhydride would be N a 7 . It is 
formed by the action of a silent discharge on a mixture of nitrogen and oxygen, so that 
a portion of its oxygen is in a state similar to that in oxone. The instability of this sub- 
stance (obtained by Hautefeuille, Chappuis, and Berthelot), which easily splits up with 
the formation of nitric peroxide, and its resemblance to persulphurio acid, which we shall 
afterwards describe, will permit our passing over the consideration of the little that is 
further known concerning it. 

w Phosphorus (Chapter XIX.) gives the hydride PH 5 , corresponding with ammonia, 
NH 3 , and forms phosphorous acid, PH s Oj, which is analogous to nitroUs acid, just aa 
phosphoric acid is to nitric acid; but phosphorio (or, better, orthophoephoric) acid, 
PHjOfc is able to lose water and give pyro- and meta-phosphorio acids. The latter is 
equal to the ortho-acid minus water - PHO,, and therefore nitric acid, NH0 5 , is really 
meta-nitric acid. 80 also nitrous acid, HNO a , is meta-nitrous (anhydrous) acid, and thus 
the ortho-acid is NH 3 Oj-N(OH) s . Hence for nitric acid we should expect to find, be- 
sides the ordinary or meta-nitric acid, HN0 3 («=iN a O>H a O), and ortho-nitrio acid, 
H 3 N0 4 (-4N a 3 3H 3 0), an intermediate pyro-nitric acid, N a H 4 7 , corresponding to 
pyrophosphoric acid, P a H 4 T . We shall see (for instance, in Chapter XVX, Note 81) 
that in nitric acid there is indeed an inclination of the ordinary salts (of the meta-acid), 
MNO fc to combine with bases M a O, and to approximate to the composition of ortho- 
compounds which are equal to meta-eompound and bases (MNOj+M,0-MjN0 4 ). 
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eomstances, bat in the law the relations are presented in their simplest 
aspect. 

1. It is easy to prove the possibility of the oxidation of ammonia 
into nitric acid by passing a mixture of ammonia and air over heated 
spongy platinum. This causes the oxidation of the ammonia, nitric 
acid being formed, which partially combines with the excess of 
ammonia. 

The converse passage of nitric acid into ammonia is effected 
by the action of hydrogen at the moment of its evolution.* 8 Thus 
metallic aluminium, evolving hydrogen from a solution of caustic soda, 
is able to completely convert nitric acid added to the mixture (as a salt, 
because the alkali gives a salt with the nitric acid) into ammonia, 
NHO, + 8H=NH, + 3H 2 0. 

2. In 1890 Curtius in Germany obtained a gaseous substance of the 
composition HN, (hydrogen trinitride), having the distinctive properties 
of an acid, and giving, like hydrochloric acid, salts ; for example, a 
sodium salt, NaN, ; ammonium salt, NH 4 N,=N 4 H 4 ; barium salt, 
Ba(N 3 )s, Ac, which he therefore named hydronitrous acid, HNy n *• 

* The formation of ammonia is observed in many cases of oxidation by means of 
nitric acid. This substance is even formed in the action of nitric acid on tim especially 
if dilate acid be employed in the cold. A still more considerable amount of ammonia is 
obtained if, in the action of nitric acid, there are conditions directly tending to the evolu- 
tion of hydrogen, which then reduces the acid to ammonia ; for instance, in the action 
of sine on a mixture of nitrio and sulphuric acids. 

* w» Curtius started with bensoylhydrasine, C fl H a CONHNH t (hydrazine, see Note 
• bto ). (This substance is obtained by the action of hydrated hydrazine on the corn- 
pound ether of bensoio acid). Bensoylhydrasine under the action of nitrous acid gives 
bensoylazoimide and water: 

CeHjCONHNHs+NOaH-CftHjCONs+aHaO. 

Bensoylazoimide when treated with sodium alcoholate gives the sodium salt of hydro* 
nitrous acid : 

CeHftCONj+CaHjONa « C^CO % C^Ei + NaN 5 . 

The addition of ether to the resultant solution precipitates the NaNj, and this salt when 
treated with sulphuric acid gives gaseous hydronitrous acid, HN-,. It has an acrid smell, 
and is easily soluble in water. The aqueous solution exhibits a strongly acid reaction. 
Metals dissolve in this solution and give the corresponding salts. With hydronitrous 
add gaseous ammonia forms a white cloud, consisting of the salt of ammonium, NH4N5. 
This salt separates out from an alcoholic solution in the form of white lustrous scales. 
The salts of hydronitrous acid are obtained by a reaction of substitution with the sodium 
or ammonium salts. In this manner Curtius obtained and studied the salts of silver 
(AgNj), mercury (HgN s ), lead (PbN ), barium (BaN«). With hydrazine, N a Ki, hydro- 
nitrous acid forms saline compounds in the composition of which there are one or two 
particles of N 5 H per one particle of hydrasine ; thus N 4 H$ and N 8 H fl . The first was 
obtained in an almost pure form. It crystallises from an aqueous solution in dense, 
volatile, lustrous prisms (up to 1 in. long), which fuse at 50°, and deliquesce in the airf 
from a solution in boiling alcohol it separates out in bright crystalline plates. This salt, 
NftHf, has the same empirical composition, NH, as the ammonium salt of hydroaittous 
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able to part with them in the form of water. Then from the first 
salt we have H a NH 4 N0 4 — 4H a 0=N a 0— nitrous oxide, and from the 
second H(NH 4 ) a N0 4 -4H a 0=HN 3 - hydronitrous acid, and from the 
third (NH 4 ) 3 N0-4H a 0=N 4 H 4 — the ammonium salt of the same acid. 
The composition of HN 3 should be thus understood, whilst its acid 
properties are explained by the fact that the water (4H a O) from 
H(NH 4 ) a N0 4 is formed at the expense of the hydrogen of the ammonium 
and oxygen of the nitric acid, so that there remains the same hydrogen 
as in nitric acid, or that which may be replaced by metals and give 
salts. Moreover, nitrogen undoubtedly belongs to that category of 
metalloids which give acids, like chlorine and carbon, and therefore, 
under the influence of three of its atoms, one atom of hydrogen acquires, 
those properties which it has in acids, just as in HON (hydrocyanic 
acid) the hydrogen has received these properties under the influence of 
the carbon and nitrogen (and HN 3 may be regarded as HON where C 
has been replaced by N a ). Moreover, besides explaining the com- 
position and acid properties of HN 3 , the above method gives the 
possibility of foretelling the closeness of the bond between hydronitrous 
acid and nitrous oxide, for N a 0+NH 3 =HN 3 + H a 0. This reaction, 
which was foreseen from the above considerations, was accomplished bj 
Wislicenus (1892) by the synthesis of the sodium salt, by taking the 
amide of. sodium, NH a Na (obtained by heating Na in a current of 
NH 3 ), and acting upon it (when heated) with nitrous oxide, N a O, 
when 2NH a Na+N a = NaN 3 + NaH0 + NH 3 . The resultant salt, 
NaN 3 , gives hydronitrous acid when acted upon by sulphuric acid, 
NaN 3 +H a S0 4 = NaHS0 4 + HN 3 . The latter gives, with the corre- 
sponding solutions of their salts, the insoluble (and easily explosive) 
salts of silver, AgN 3 (insoluble, like AgCl or AgCN), and lead, Pb(N 3 ) a . 
The compounds of nitrogen with oxygen present an excellent 
example of the law of multiple proportions, because they contain, for 14 
parte by weight of nitrogen, 8, 16, 24, 32, and 40 parts respectively by 
weight of oxygen. The composition of these compounds is as follows :— 

N a O, nitrous oxide ; hydrate NJHO. 
N a O a , nitric oxide, NO. 
N a 3 , nitrous anhydride ; hydrate NHO t . 
N a 4 , peroxide of nitrogen, NOj, 
N a O fi , nitric anhydride ; hydrate NH0 3 . 

Of these compounds,* 9 nitrous and nitric oxides, peroxide of nitrogen, 

* According to the thermochemical determinations of Favre, Thomson, and nor* 
♦specially, of Berthelot, it follows thai, in the formation of such quantities of the oxides 
of nitrogen as express their formula), if gaseous nitrogen and oxygen be taken as the 
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mnd nitric acid, NHO„ are characterised as being the meat stable. The 
lower oxides, when coining into contact with the higher, may give the 
intermediate forms ; for instance, NO and NO, form N 8 Oj, and the 
intermediate oxides may, in splitting up, give a higher and lower oxide. 
So N s 4 gives N s 3 and N,0 5 , or, in the presence of water, their 
hydrates. 

We have already seen that, under certain conditions, nitrogen 
combines with oxygen, and we know that ammonia may be oxidised. 
In these cases various oxidation products of nitrogen are formed, bat 
in the presence of water and an excess of oxygen they always give 
nitric acid. Nitric acid, as corresponding with the highest oxide, is 
able, in deoxidising, to give the lower oxides ; it is the only nitrogen 
acid whose salts occur somewhat widely in nature, and it has many 
technical uses, for whioh reason we will begin with it. 

Nitric acid, NH0 3 , is likewise known as aqua fortis. In a free 
state it is only met with in nature in small quantities, in the air and 
in rain-water after storms ; but even in the atmosphere nitric acid does 
not long remain free, but combines with ammonia, traces of which are 
always found iu air. On falling on the soil and into running water, 
Ac, the nitric acid everywhere comes into contact with bases (or their 
carbonates), which easily act on it, and therefore it is converted into 
the nitrates of these bases. Hence nitric acid is always met with in 
the form of salts in nature. The soluble salts of nitric acid are called 
nitres. This name is derived from the Latin sal nitri. The potassium 
salt, KNOj, is common nitre, and the sodium salt, NaNO s , Chili salt- 
petre, or cubic nitre. Nitres are formed in the soil when a nitrogenous 

starting points, and if the compounds formed be also gaseous, the following amount* 
of heat, expressed in thousands of heat units, are absorbed (hence a minus sign) :— 

N*0 NA N a O s N a 4 N 2 4 

-21 -48 -22 «-6 -1 

-22 +21 +17 + 4 

The difference is given in the lower line. For example, if N 2 , or 28 grams of nitrogen, 
combino with O— that is, with 16 grams of oxygen— then 21,000 units of heat are absorbed, 
that is, sufficient heat to raise 21,000 grams of water through 1°. Naturally, direct 
observations aro impossible in this case ; but if charcoal, phosphorus, or similar sub- 
stances are burnt both in nitrous oxide and in oxygen, and the heat evolved is observed 
in both cases, then the difference (more heat will be evolved in burning in nitrous oxide) 
gives the figures required. If N a 2 , by combining with 0* gives N a 4 , then, as is 
seen from the table, heat should be developed, namely, 88,000 units of heat, or NO + O 
a 19,000 units of heat. The differences given in the table show that the maximum absorp- 
tion of heat corresponds with nitric oxide, and that the higher oxides are formed from it 
with evolution of heat. If liquid nitric acid, NH0 5 , wero decomposed into N + 5 + H, 
then 41,000 heat units would be required ; that is, an evolution of heat takes place in its 
formation from the gases. It should be observed that the formation of ammonia, NHf> 
iron the gases N + Hj evolve* 12 2 thousand heat units. 
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substance is slowly oxidised in the presence of an alkali by means of 
the oxygen of the atmosphere. In nature there are very frequent 
instances of such oxidation. For this reason certain soils and rubbish 
heaps — for instance, lime rubbish (in the presence of a base — lime) — 
contain a more or less considerable amount of nitre. One of these 
nitres — sodium nitrate — is extracted from the earth in large quantities 
in Chili, where it was probably formed by the oxidation of animal 
refuse. This kind of nitre is employed in practice for the manufacture 
of nitric acid and the other oxygen compounds of nitrogen. Nitrio 
acid is obtained from Chili saltpetre by heating it with sulphuric acid. 
The hydrogen of the sulphuric acid replaces the sodium in the nitre. 
The sulphuric acid then forms either an acid salt, NaHS0 4 , or a 
normal salt, Na a S0 4 , whilst nitric acid is formed from the nitre and 
is' volatilised. The decomposition is expressed by the equations : 
(1) NaN0 3 +H a S0 4 =HNOj + NaHS0 4 , if the acid salt he formed, 
and (2) 2NaN0 3 + H 2 S0 4 =Na 2 S0 4 + 2HN0 3 , if the normal sodium 
sulphate is formed. With an excess of sulphuric acid, at a moderate 
heat, and at the commencement of the reaction, the decomposition 
proceeds according to the first equation ; and on further heating with 
a sufficient amount of nitre according to the second, because the acid 
salt NaHS0 4 itself acts like an acid (its hydrogen being replaceable 
as in acids), according to the equation NaN0 3 + NaHS0 4 =Na 3 S0 4 
+ HN0 3 . 

The sulphuric acid, as it is said, here displaces the nitric acid from 
its compound with the base. WbU Thus, in the reaction of sulphuric 

* bi« This often gives rise to the supposition that sulphuric acid possesses a consider- 
able degree of affinity or energy compared with nitric acid, but we shall afterwards see 
that the idea of the relative degree of affinity of acids and bases is, in many cases,' 
exceedingly unbiassed ; it need not be accepted so long as it is possible to explain the 
observed phenomena without admitting any supposition whatever of the degree of the 
force of affinity, because the latter cannot be measured. The action of sulphuric acid 
upon nitre may be explained by the fact alone that the resultant nitric acid is volatile. 
The nitric acid is the only one of all the substances partaking in the reaction which is 
able to pass into vapour ; it alone is volatile, while the remainder are non-volatile, or, 
more strictly speaking, exceedingly difficultly volatile substances. Let us imagine that 
the sulphuric acid is only able to set free a' small quantity of nitrio acid from its salt, 
and this will suffice to explain the decomposition of the whole of the nitre by the sulphuric 
acid, because once the nitric acid is separated it passes into vapour when heated, and 
passes away from the sphere of action of the remaining substances; then the free 
sulphuric acid will set free a fresh small quantity of nitric acid, and so on until it drives 
off the entire quantity. It is evident that, in this explanation, it is essential that the 
sulphuric acid should be in excess (although not greatly) throughout the reaction* 
according to the equation expressing the reaction, 98 parts of sulphuric acid are required 
per 85 parts of Chili nitre ; but if this proportion be maintained in practice the nitrio 
acid is not all disengaged by the sulphuric acid ; an excess of the latter must be taken, 
and generally 80 parts of Chili nitre are taken per 98 parts of acid, so that a portion qf 
the sulphuric acid remains free to the very end of the reaction. 
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acid on nitre there is formed a non- volatile salt of sulphuric acid, which 
remains, together with an excess of this acid, in the distilling apparatus, 
and nitric acid, which is converted into vapour, and may be condensed, 
because it is a liquid and volatile substance. On a small scale, this 
reaction may be carried on in a glass retort with a glass condenser. 
On a large scale, in chemical works, the process is exactly similar, only 
iron-retorts are employed for holding the mixture of nitre and sulphurio 




FlO. 47.— Method of preparing nitric acid on a large, scale. A CMt-lron retort, 0, Is fixed into the 
furnace, and heated by the fire, B. The tlame ana product! of combustion are at first led aloof 
the flue. M (in order to heat the receivers), and afterwards Into L. The retort is charged wHlT 
Cbili saltpetre aud sulphurio acid, and tho cover U luted on with clay and gypsum. A clay tube, 
a, U fixed into the neck of the retort (in order to prevent the nltrio acid from corroding the cart 
Iron), and a bent glass tube, D, is luted on to it. This tube carries the vapours iuto a series of 
earthenware receivers. E. Nitric acid mixed with sulphurio acid collect* in the first. The pares* 
nitric aele is procured from the second, whilst that which condenses In the third receiver contain! 
hydroctdorio acid, and that in the fourth nitrous oxide. Water is poured into the last receiver to 
order to condense tho residual vapours. 

acid, and earthenware three-necked bottles are used instead of a con- 
denser, 80 as shown in 6g. 47. 

bo It roust be observed that sulphuric acid, at least when undiluted (60° Baume'), 
corrodes cast iron with difficulty, so that the acid may be heated in cast-iron retorts. 
Nevertheless, both sulphuric and nitric acids have a certain action on oast Iron, and 
therefore the acid obtained will contain traces of iron. In practice sodium nitrate (Chili 
saltpetre) is usually employed because it is cheaper, but in the laboratory it is best to 
take potassium nitrate, because it Is purer and does not froth up so much as sodium 
nitrate when heated with sulphurio acid. In the action of an excess of sulphurio add on 
nitre and nitrio acid a portion of the latter (s decomposed, forming lower oxides of 
nitrogen, which are dissolved in the nitric acid. A portion of the sulphurio acid itself is 
also carried over as spray by the vapours of the nitrio acid. Hence sulphuric acid occurs 
as an impurity in commercial nitrio acid. A certain amount of hydrochloric acid will 
also be found to be present in It, because sodium chloride is generally found as en tin* 
purit* in nitre, and tinder the action of sulphurio add It forms hydrochloric add. Com- 
mercial add further contains a considerable excess of water abore that neomeryfor the 
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Nitric acid so obtained always contains water. It is extremely 
difficult to deprive it of all the admixed water without destroying a 
portion of the acid itself and partially converting it into lower oxides, 
because without the presence of an excess of water it is very unstable. 
When rapidly distilled a portion is decomposed, and there are obtained 
free oxygen and lower oxides of nitrogen, which, together with the 
water, remain in solution with the nitric acid. Therefore it is necessary 
to work with great care in order *to obtain a pure hydrate of nitric acid, 
HN0 3 , and especially to mix the nitric acid obtained from nitre, as 
above described, with sulphuric acid, which takes up the water, and to 
d is til it at the lowest possible temperature — that is, by placing the 
retort holding tbe mixture in a water or oil bath and carefully heating 
it. The first portion of the nitric acid thus distilled boils at 86°, has a 
specific gravity at 15° of 1*526, and solidifies at —60° ; it is very 
unstable at higher temperatures. This is the normal hydrate, HN0 3 , 
which corresponds with the salts, NMO a , of nitric acid. When diluted 
with water nitric acid presents a higher boiling point, not only as 
compared with that of the nitric acid itself, but also with that of water ; 
so that, if very dilute nitric acid be distilled, the first portions passing 
over will consist of almost pure water, until the boiling point in the 
vapours reaches 121°. At this temperature a compound of nitric acid 
with water, containing about 70 p.c. of nitric acid,' 1 distils over ; its 

formation of the hydrate, because water is first poured into the earthenware vessels 
employed for condensing the nitric acid in order to facilitate its cooling and condensation. 
Further, the acid of composition HNO s decomposes with great ease, with the evolu- 
tion of oxides of nitrogen. Thus the commercial acid contains a great number of 
impurities, and is frequently purified in the following manner:— Lead nitrate is first 
added to the acid because it forms non-volatile and almost insoluble (precipitated) 
substances with the free sulphuric and hydrochloric acids, and liberates nitrio acid in so 
doing, according to the equations Pb(N0 3 ) a + 2HC1 = PbCl, + 2NHO s and Pb(N0 3 )t 
+ H 2 S0 4 = PbS0 4 + 9NHO.v Potassium ohromate is then added to the impure nitric acid, by 
which means oxygen is liberated from the chromic acid, and this oxygen, at the moment 
of its evolution, oxidises the lower oxides of nitrogen and converts them into nitric acid. 
A pure nitric acid, containing no impurities other than water, may be then obtained by 
carefully distilling the acid, treated as above described, and particularly if only the 
middle portions of the distillate are collected. Such acid should give no precipitate*, 
either with a solution of barium chloride (a precipitate shows the presence of sulphuric 
acid) or with a solution of silver nitrate (a precipitate shows the presence of hydrochloric 
acid), nor should it, after being diluted with water, give a coloration with starch con- 
taining potassium iodide (a coloration shows the admixture of other oxides of nitrogen). 
The oxides of nitrogen may be most easily removed from impure nitric acid by heat* 
tag for a certain time with a small quantity of pure charcoal. By the action of nitrio 
acid on the charcoal carbonic anhydride is evolved, which carries off the lower oxides of 
nitrogen. On redistilling, pure acid is obtained. The oxides of nitrogen occurring in 
solution may also be removed by passing air through the nitric acid. 

5J Dalton, Smith, Bineau, and others considered that the hydrate of constant boiling 
point (see Chapter I., Note 00) for nitric add was the compound 2HNOj,3H 3 0, but Rosooo 
•bowed that its composition changes with a variation of the pressure and temperature. 
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epeoifio gravity at 15° = 1*421. If the solution contain less than 
25 p.c. of water, then, the specific gravity of the solution being above 
1*44, HN0 3 evaporates off and fumes in the air, forming the above 
hydrate, whose vapour tension is less than that of water. , Such Solu- 
tions form fuming nitrid arid. On distilling it gives monohydrated 
acid, 85 HN0 8 • it is a hydrate boiling at 121 °, so that it is obtained 
from both weak and strong solutions. Fuming nitric add, under the 
action not only of organic substanoes, but even of heat, loses a portion 
of its oxygen, forming lower oxides of nitrogen, which impart a red- 
brown colour to it ; M the pure acid is colourless. 

under whioh the distillation proceeds. Thus, at a pressure of 1 atmosphere the solution 
of constant boiling point contains 68*6 p.c, and at one-tenth of an atmosphere 66*8 p.o. 
Judging from what has been said concerning solutions of hydrochloric acid, and from the 
variation of specific gravity, I think that the comparatively large decrease In the 
tensions of the vapours depends on the formation of a hydrate, NHOg,2H*0 (•» 68*6 p«o.). 
Such a hydrate may be expressed by N(HO) 5 , that is, as NH^HO), in whioh all the 
equivalents of hydrogen are replaced by hydroryL The constant boiling point will 
then be the temperature of the decomposition of this hydrate. 

The variation of the speciflo gravity at 15° from water (»«0) to the hydrate 
"NH0 5 6HaO (412 p.o. HNO s ) is expressed by • -9999 + 57'4p + 0'16p*, if water - 10 000 at 
4°. For example, when j? - 80 p.o., $ — 11,860. For more concentrated solutions, at least, 
the above-mentioned hydrate, HN0 8 ,9H 9 0, must be taken, up to which the specific gravity 
s » 9670 + 84*18p- 0-%i0p*i but perhaps (since the results of observations of the specific 
I gravity of the solutions are not in sufficient agreement to arrive at a conclusion) the 
hydrate HNO Sl 8H 9 should be recognised, as is indicated by many nitrates (Al, Mg, Co, 
&o.), whioh crystallise with this amount of water of crystallisation. From HNOfeSHjO 
to HNO s the specific gravity of the solutions (at 15°) t- 10,669 + 69*08p- 0'160p* The 
J hydrate HNO^H^O is recognised by Berthelot on the basis of the thermo-chemieal 
data for solutions of nitrio acid, because on approaching to this composition there is a 
. rapid change in the amount of heat evolved by mixing nitrio acid with water. Pickering 
<1892) by refrigeration obtained the crystalline hydrates : HNOjHjO, melting al -87° 
and HN0 8 8HsO, melting at -18°. A more detailed study of the reactions of hydrate* 
nitrio add would no doubt show the existence of change in the process and rapidity of 
reaction in approaching these hydrates. 

w The normal hydrate HNOs, corresponding with the ordinary salts, may be termed 
the monohydrated acid, because the anhydride N a 9 with water forms this normal nitrio 
•old. In this sense the hydrate HNO*9H,0 is the pentahydrated acid. 

88 For technical and laboratory purposes recourse is frequently had to red fuming 
nitric acid— that is, the normal nitrio acid, HNOs, containing lower oxides of nitrogen 
in solution. This acid is prepared by decomposing nitre with half its weight of strong 
eulphurio acid, or by distilling" nitrio acid with an excess of sulphurio acid. The normal 
nitrio acid is first obtained, but it partially decomposes, and gives the lower oxidation 
products of nitrogen, whioh are dissolved by the nitrio acid, to which they impart its 
usual pale-brown or reddish colour. This acid fumes in the air, from which it attracts 
moisture, forming a less volatile hydrate. If carbonic anhydride be passed through the 
Ted-brown fuming nitrio acid for a long period of time, especially if, assisted by a 
moderate heat, it expels all the lower oxides, and leaves a colourless acid free from these 
oxides. It is necessary, in the preparation of the red acid, that the receivers should be 
kept quite cool, because it is only when cold that nitrio add is able to dissolve a large 
proportion of the oxides of nitrogen. The strong red fuming add has a speciflo gravity 
1*66 at 90°, and has a suffocating smell of the oxides of nitrogen. When the red add is 
seized with water it turns green, and then of a bluish colour, and with an excess of water 
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Nitric acid, as an acid hydrate^ enters into reactions of double 
decomposition with bases, basic hydrates (alkalis), and with salts. In all 
these cases a salt of nitric acid is obtained. An alkali and nitric acid 
give water and a salt ; so, also, a basic oxide with nitric acid gives a 
salt and water; for instance, lime, CaO + 2HNO a =Ca(N03) 2 + H a O. 
Many of these salts are termed nitres. 34 The composition of the ordinary 
salts of nitric acid may be expressed by the general formula M(NO J ) H , 
where M indicates a metal replacing the hydrogen in one or several 
(n) equivalents of nitric acid. We shall find afterwards that the atoms M 
of metals are equivalent to one (K, Na, Ag) atom of hydrogen, or two 
(Ca, Mg, Ba), or three (Al, In), or, in general, n atoms of hydrogen. 
The salts of nitric acid are especially characterised by being all soluble 
in water** From the property common to all these salts of entering 
into double decompositions, and owing to the volatility of nitric acid, 
they evolve nitric acid when heated with sulphuric acid. They all, like 
the acid itself, are capable of evolving oxygon when heated, and con- 
sequently of acting as oxidising substances ; they therefore, for instance, 
deflagrate with ignited carbon, the carbon burning at the expense of 
the oxygen of the salt and forming gaseous products of combustion.* 6 

ultimately becomes colourless. This is owing to the fact that the oxides of nitrogen in 
the presence of water and nitric acid are changed, and give coloured solutions. 

Marklefteky (1892) showed that the green solutions contain (besides HN0 3 ) HNO? 
and N 2 4 , whilst the blue solutions only contain HNO-j {$ee Note 48). 

The notion of red fuming nitric acid (or a mixture with sulphuric acid) is in many 
coses very powerful and rapid, and it sometimes acts differently from pu*e nitric 
acid. Thus iron becomes covered with a coating of oxides, and insoluble in acids ; it 
becomes, as is said, passive. Thus chromic acid (and potassium dichromate) gives oxide 
of chromium in this red acid — that is, it is deoxidised. This is owing to the presence of 
the lower oxides of nitrogen, which are capable of being oxidised— that is, of passing into 
nitric acid like the higher oxides. Bat, generally, the action of fuming nitric acid, both 
red and colourless, is powerfully oxidising. 

94 Hydrogen is not evolved in the action of nitric acid (especially strong) on metals, 
even with those metals which evolve hydrogen under the action of other acids. This is 
because the hydrogen at the moment of its separation reduces the nitric acid, with forma- 
tion of the lower oxides of nitrogen, as we shall afterwards see. 

M Certain basic salts of nitric acid, however (for example, the basic salt of bismuth), 
are insoluble in water ; whilst, on the other hand, all the normal salts are soluble, and 
this forms an exceptional phenomenon among acids, because all the ordinary acids form 
insoluble salts with one or another base. Thus, for sulphuric acid the salts of barium, 
lead, Ac, for hydrochloric acid the salts of silver, Ac, are insoluble in water. However, 
the normal salts of acetic and certain other acids are all soluble. 

** Ammonium nitrate, NH^NOj, is easily obtained by adding a solution of am- 
monia or of ammonium carbonate to nitric acid until it becomes neutral. On evapo- 
rating this solution, crystals of the salt are formed which contain no water of crystallisation. 
It crystallises in prianft like those formed by common nitre, and has a refreshing taste; 
100 parts of water at t° dissolve 64 + 0*61 1 parts by weight of the salt. It is soluble in 
alcohol, melts at 160°, and is decomposed at about 180°, fonniug water and nitrous oxide, 
NH»N05»«H 2 + N a O. If ammonium nitrate be mixed with sulphuric acid, and the 
mixture be heated to about the boiling point of water, then nitric add is evolved, an4 
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J* i trie *eid also enters into doable d ee o s spoaati oiis with i 
of hydrocarbons not in any way possessing alkaline characters and net 
reacting with other acids. Under then drcuHtances the nitric acid 
gives water and a new substance termed a nitro-comptmrnd. The 
chemical character of the mtro-co mp o gn d is the same as that of the 
original substance ; for example, if an indifferent substance be taken, 
then the nitrocompound obtained from it wflj also be indifferent ; 
if an acid be taken, then an acid is obtained aba** TVnsen a, 
CVH* for instance, acts according to the equation C^H^ + HNO, 
■H t O + C^H^NO*, Nitrobenzene is produced. The substance taken, 
C^H^ is a liquid hydrocarbon haying a faint tarry smeD, boiling at -60°, 
and lighter than water ; by the action of nitric acid nitrobenzene is 
.obtained, which is a substance boiling at about 210*, heavier than water, 
aod having an almond-like odour : it is employed in large quantities 
for the preparation of aniline and aniline dyes. 97 As the nitro-com- 

emmonium hydrogen sulphste remains in eolation ; bat if the mixture be heeled rapidly 
to 160°, then nitrons oxide is evolved. In the first case the snlphnric acid takes op 
ammonia, and in the second place water. Ammonhtm nitrate is employed in practice far 
the artificial production of cold, because in dissolving in water it lowers the temperature 
very considerably. For this purpose it is best to take equal parts by weight of the salt 
and water. The salt must first be reduced to a powder and then rapidly stirred up in 
the water, when the temperature will (all from +15° to -10°, so that the water frees**. 

Ammonium nitrate absorbs ammonia, with which it forms unstable compo un ds 
resembling; compounds containing water of cry st a llis a tion . (Divers 1873, Baoult 1878.) 
At -10° NHiNOfcSNH, is formed: it is a liquid of sp. gr. 1*15, which loses all ite 
ammonia under the influence of beat. At 4-38° NH«NOftNH $ is formed: it is a solid 
which easily parts with its ammonia when heated, especially in solution. 

Troost (1883) investigated the tension of the dissociation of the compounds formed, 
and came to the conclusion that a definite compound corresponding to the formula 
iNH^NOjSNHj is formed, beca u se the tension of dissociation remains constant in the 
decomposition of such a compound at 0°. V. Kourilotf (1898), however, considers that 
the constancy of the tension of the ammonia evolved is due to the decomposition of a 
saturated solution, and not of a definite compound. During decomposition the system is 
composed of a liquid and a solid; the tension only becomes constant from the moment 
the solid falls down. The composition aNH^NOjSNH, corresponds to a saturated 
solution at 0°, and the solubility of NH+NO, in NH» increases with a rise of temperature. 

st Mi This Is explained by saying that in true nitro-oompounds the residue of nitric 
aoM NO, takes ths place of the hydrogen in the hydrocarbon group. For example, if 
C*H*OH be given, then CeH^O^OH will be a true nitro-oompound having the radical 
properties of C*H ft OH. If, on the other hand, the NO a replace the hydrogen of the 
aqueous radiole (C*H t ONO,), then the chemical character varies, as in the passage of 
XOH Into KONO t (nitre) (*#• Note 87 and Organic Chemistry). 

" The compound ethers of nitric add in which the hydrogen of the aqueous radicle 
(OH) Is replaced by the residue of nitric acid (N0 2 ) are frequently called nitro- 
oompounds. But in their ohemical character they differ from true nitro-oompouada 
(for details $ee Organio Chemistry) and do not born like them. 

The action of nitrio acid on cellulose, C^H^O^ is an example. This substance, which 
forms tbs-outer costing of all plant cells, occurs in an almost pure stats in cotton, in 
summon writing-paper, and in flax, 6c ; under the action of nitric add it forms water 
and nitrocellulose (like water and KNO, from KHO), which, although tt has the same. 
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pounds contain both combustible elements (hydrogen and carbon), as 
well as oxygen in unstable combination with nitrogen, in the form of 
the radicle N0 3 of nitric acid, they decompose with an explosion when 
ignited or even struck, owing to the pressure of the vapours and gases 
formed — free nitrogen, carbonic anhydride, COj, carbonic oxide, CO, and 
aqueous vapour. In the explosion of nitro- compounds S7 bU much heat is 

appearance as the cotton originally taken, differ* from it entirely in properties. It 
explodes when struck, bursts into flame very easily under the action of sparks, and acta 
like gunpowder, whence its name of pyroxylin, or gun-cotton. The composition of 
gun-cotton is CeHjNjOn «= CeH| O 5 + 8NHO3 - SH,0. The proportion of the group N0 t 
in nitrocellulose may be decreased by limiting the action of the nitric acid and 
compounds obtained with different properties; for instance, the (impure) well-known 
collodion cotton, containing from 11 to 12 per cent, of nitrogen, and pyro-collodion 
(Mendeleeff, 1890), containing 124 per cent, of nitrogen. Both these products are soluble in 
a mixture of alcohol and ether (in collodion a portion of the substance is soluble in alcohol), 
and the solution when evaporated gives a transparent film, which is insoluble in water. A 
solution of collodion is employed in medicine for covering wounds, and in wet-plate 
photography for giving on glass an even coating of a substance into which the various 
reagents employed in the process are introduced. Extremely fine threads (obtained by 
forcing a gelatinous mixture of collodion, ether, and alcohol through capillary tubes in 
water) of collodion form artificial silk. 

57 M" The property poasessed by nitroglycerin (occurring in dynamite), nitrocellulose, 
and the other nitro- com pounds, of burning with an explosion, and their employment for 
smokeless powder and as explosives in general, depends on the reasons in. virtue of 
which a mixture of nitre and charcoal deflagrates and explodes ; in both cases the 
elements of the nitric acid occurring in the compound are decomposed, the oxygon in 
burning uniten with the carbon, and the nitrogen is set free ; thus a very large volume 
of gaeeous substances (nitrogen and oxides of carbon) is rapidly formed from the solid 
substances originally taken. These gases occupy an incomparably larger volume than 
the original substance, and therefore produce a powerful pressure and explosion. It is 
evident that in exploding with the development of heat (that is, in decomposing, not 
with the absorption of energy, as is generally the case, but with the evolution of energy) 
the nitro-compounds form stores of energy which are easily set free, and that con- 
sequently their elements occur in a state of particularly energetio motion, which is 
especially strong in the group NO a ; this group is common to all nitro-compounds, and 
all the oxygen compounds of nitrogen are unstable, easily decomposable, and (Note 29) 
absorb heat in their formation. On the other hand, the nitro-compounds are instructive 
as an example and proof of the fact that the elements and groups forming compounds 
are united in definite order in the molecules of a compound. A blow, concussion, or 
rise of temperature is necessary to bring the combustible elements C and H into the 
most intimate contact with N0 2 , and to distribute the elements in a new order in new 
compounds. 

As regards the composition of the nitro-compounds, it will be seen that the hydrogen 
of a given substance is replaced by the complex group N0 3 of the nitric acid. The same 
is observed in the passage of alkalis into nitrates, so that the reactions of substitution of 
nitric acid — that is, the formation of salts and nitro-compounds — may be expressed in 
the following manner. In these oases the hydrogen is replaced by the so-called radicle 
of nitric acid NOa, *? » 8 evident from the following table :— 

. Caustic potash . . . KHO. i Glycerin O^B+Oy 

\ Nitre K(NO,)0. I Nitroglycerin . . . . C^H,(N0^50> 

i Hydrate of lime . . . CaH,0 2 . r Phenol . .... C«H»OH. 

t Calcium nitrate . . Ca^NO^O,. I Picric acid CAfNOafeOH, &o. 

The difference between the salts formed by nitrio acid and the nitro-oompounae 
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evolved, as in the combustion of gunpowder or detonating gas, and in 
this case the force of explosion in a closed space is great, because from 
a solid or liquid nitro-compound occupying a small space there proceed 
vapours and gases whose elasticity is great not only from the small 
space in which they are formed, but owing to the high temperature 
corresponding to the combustion of the nitro-compound. 88 

If the vapour of nitric acid is passed through an even moderately 
heated glass tube, the formation of dark-brown fumes of the lower 
oxides of nitrogen and the separation of free oxygen may be observed, 
2NHO,s=H t O + 2N0 1 + 0. The decomposition is complete at a 
white heat—that is, nitrogen is formed, 2NHO,=H,0 + N 1 + O*. 
Hence it ia easily understood that nitric acid may part with its oxygen 
to a number of substances capable of being oxidised." It is con- 
consists in the fact that nitric acid is very easily separated from the salts of nitric acid 
by meant of ■olphoric acid (that it, by a method of double taline decomposition), whilst 
nitric acid it not ditplaced by sulphuric acid from trne nitrocompounds ; for instance, 
nitrobensene, C«H»NO a . At nitro-compounds are formed exclusively from hydrocarbons, 
they are described with them in organic chemistry. 

The (roup NO* of nitro-compoundt in many cases (like all the oxidised compound* of 
nitrogen) passes into the ammonia group or into the ammonia radicle NH«. This requires 
the action of reducing substances evolving hydrogen : UNO* + OH - RNH 5 + &H*0. Thus 
Zinin converted nitrobensene, C e H 5 NO„ into aniline, C«H»'NH*, by the action of 
hydrogen sulphide. 

Admitting the existence of the group NO*, as replacing hydrogen in various 
compounds, then nitric acid may be considered as water in which half the hydrogen 
is replaced by the radicle of nitric acid. In this sense nitric acid is nitro-waler, 
NO3.OH, and its anhydride dinitro-water, (NO,),0. In nitric acid the radicle of 
nitric acid it combined with hydroxyl, just ar in nitrobensene it is combined with the 
radicle of bensene. 

It should here be remarked that the group NO s may be recognised in the salts of 
nitric acid, because the salts have the composition M(N0 3 )„ t just as the metallic chlorides 
have the composition MCI,. But the group NO s does not form any other compounds 
beyond the salts, and therefore it should be considered as hydroxy], HO, in which H is 
replaced by NO*. 

99 The nitre-compounds play a very important part in mining and artillery. Detailed 
accounts of them must be looked for in special works, among which the works of 
A. R. Shuliaehenke and T. M. Chelletsofl occupy an important place in the Russian 
literature on this subject, although historically the scientific works of Abel in England 
and Berthelot in France stand pre-eminent The latter elucidated much in connection 
with explosive compounds by a series of both experimental and theoretical researches. 
Among explosives a particularly important place from a practical point of view is 
occupied by ordinary or black gunpowder (Chapter XIII., Note IS), fulminating 
mercury (Chapter XVI., Note 26), the different forms of gun-cotton (Chapter VL, Note 87), 
and nitro-glycerine (Chapter VUL, Note 45, and Chapter XIL, Note 88). The latter 
when mixed with solid pulverulont substances, like magnesia, tripoli, Ac, forms 
dynsmite, which is so largely used in quarries and mines in driving tunnels, &o. We 
may add that the simplest true nitro-compound, or marsh gas, CH 4 , in which all the 
hydrogens are replaced by NO* groups has been obtained by L. N. ShishkofL C(NO«U 
as well as nitroform, CH(NO a ) 5 . ^ 

» Nitric acid may be entirely decomposed by passing its vapour over highly inoan- 
descent copper, because the oxides of nitrogen first formed give up their oxygen to the 
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sequently an oxidising agent. Charcoal, as we have already seen, 
burns in nitric acid ; phosphorus, sulphur, iodine, and the majority of 
metals also decompose nitric acid, some on heating and others even at 
the ordinary temperature : the substances taken are oxidised and the- 
nitrio acid is deoxidised, yielding compounds containing less oxygen. 




FlO. 48.— The method of decomposition of nitrous anhydride, ako applicable to the other oxides of 
nitrogen, and to their analysis. NO, is generated from nitrate of lead In the retort A. Nltrlo 
acid and other leas volatile products are condensed in B. The tube G contains copper, and ia 
heated from below. Undeoomposed volatile produots (if any ace formed) are condensed in D, 
which is cooled. If the decomposition be incomplete, brown fumes make their appearance in this 
reoeirer. The gaseous nitrogen is collected in the cylinder S. 

'Only a few metals, such as gold and platinum, do not act on nitrio acid, 
but the majority decompose it ; in so doing, an oxide of the metal is 
formed, which, if it has the character of a base, acts on the remaining 
nitrio acid ; hence, with the majority of metals the result of the 
reaction is usually not an oxide of the metal, but the corresponding salt 

red-hot metallic copper, so that water and nitrogen gaa alone are obtained. This 
forms a means for determining the composition both of nitric acid and of all the 
other compounds of nitrogen with 
oxygen, because by collecting the 
gaseous nitrogen formed it is 
possible to calculate, from its 
volume, its weight and conse- 
quently its amount in a given 
quantity of a nitrogenous sub- 
stance, and by weighing the copper 
before and after the decompo- 
sition it is possible to determine 
the amount of oxygen by the 
increase in weight. The complete 
decomposition of nitrio acid is 
also accomplished by passing a 
mixture of hydrogen and nitrio 
acid vapours through a red-hot 
tube. Sodium also decomposes the oxides of nitrogen at a red-heat, taking up an the 
oxygen. This method is som etimes used for doUrmining the composition of the oxides 
of nitrogen. 




Flo. 4**— Decomposition of nitrous oxide by 
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of nitric acid, and, at the tame time, one of the lower oxides of nitrogen. 
The resulting salts of the metals are soluble, and hence it is said that 
nitric acid dis$olve$ nearly all metals. 40 This case is termed the solution 
of metals by acids, although it is not a case of simple solution, but a com- 
plex chemical change of the substances taken. When treated with this 
acid, those metals whose oxides do not combine with nitric acid yield 
the oxide itself, and not a salt ; for example, tin acts in this manner 
on nitric acid, forming a hydrated oxide, 8nH s Os, which is obtained in 
the form of a white powder, Sn + 4NH0,=sHjSn0 a +4N0 2 + H 1 O. 
Silver is able to take up still more oxygen, and to convert a large 
portion of nitric acid into nitrous anhydride, 4Ag + 6HNO, 
= 4AgNO, 4-N a O,4-3H 2 0. Copper takes up still more oxygen from 
nitric acid, converting it into nitric oxide, and, by the action of zinc, 
nitric acid is able to give up a still further quantity of nitrogen, 
forming nitrous oxide, 4Zn + 10NHO,=4Zn(NO 3 ) a + N 2 O + 5H a O. 41 
Sometimes, and especially with dilute solutions of nitric acid, the 
deoxidation proceeds as far as the formation of hydroxylamine and 
ammonia, and sometimes it leads to the formation of nitrogen itself. 
The formation of one or other nitrogenous substance from nitric acid is 

40 The application of this acid for etching copper or steel in engraving ig based on 
this fact. The copper is covered with a coating of wax, resin, <fcc. (etching ground), on 
which nitric acid does not act, and then the ground is removed in certain parts with a 
needle, and the whole is washed in nitric acid. The parts coated remain untouched, 
whilst the uncovered portions are eaten into by the acid. Copper plates for etchings, 
aquatints, &c, are prepared in this manner. 

41 The formation of such complex equations as the above often presents some diffi- 
culty to the beginner. It should be observed that if the reacting and resultant sub- 
stances be known, it is easy to form an equation for the reaction. Thus, if we wish to 
form an equation expressing the reaction that nitric acid acting On rino gives nitrous 
oxide, N a O, and zinc nitrate, Zn(NO i V J , wo must reason as follows :— Nitric acid contains 
"hydrogen, whilst the salt and nitrons oxide do not; hence water is formed, and therefore 
it is as though anhydrous nitric acid, N ,.O s , were acting. For its conversion into nitrous 
oxide it parts with four equivalents of oxygen, and hence it is able to oxidise four equi- 
valents of zinc and to convert it into zinc oxide, ZnO. These four equivalents of zinc 
oxide require for their conversion into the salt four more equivalents of nitric anhydride; 
consequently five equivalents in all of the latter are required, or ten equivalents of nitric 
acid. Thus ten equivalents of nitric acid are necessary for four equivalents of 
tine in order to express the reaction in whole equivalents. It must not be forgotten, 
however, that there are very few such reactions which can be entirely expressed by simple 
equations. The majority of equations of reactions only express the chief and ultimate 
products of reaction, and thus none of the three preceding equations express all that 
in reality occurs in the action of metals on nitric acid. In no one of them is only one 
oxide of nitrogen formed, but always several together or consecutively — one after the 
other, according to the temperature and strength of the acid. And this is easily in- 
telligible. The resulting oxide is itself capable of acting on metals and of being 
deoxidised, and in the presence of the nitric acid it may change the acid and be itself 
changed. The equations given must be looked on as a systematic expression of the 
main features of reactions, or as a limit towards which they teud, but to which the/ 
only attain in the absence of disturbing influences. 
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determined, not only by the nature of the reacting substances, but also 
by the relative mass of water and nitric acid, and also by the temper- 
ature and pressure, or the sum total of the conditions of reaction ; and 
as in a given mixture even these conditions vary (the temperature and 
the relative mass vary), it not unfrequently happens that a mixture of 
different products of the deoxidation of nitric acid is formed. 

Thus the action of nitric add on metals consists in their being 
oxidised, whilst the acid itself is converted, according to the temperature, 
concentration in which it is taken, and the nature of the metal, Ac, 
into lower oxides, ammonia, or even into nitrogen. 49 Many compounds 
are oxidised by nitric acid like metals and other elements ; for instance, 
lower oxides are converted into higher oxides. Thus, arsenious acid is 
converted into arsenic acid, suboxide of iron into oxide, sulphurous 
acid into sulphuric acid, the sulphides of the metals, M S S, into sulphates, 
M 2 S0 4 , Ac. ; in a word, nitrio acid brings about oxidation, its oxygen 
is taken up and transferred to many other substances. Certain sub- 
stances are oxidised by strong nitric acid so rapidly and with so great 
an evolution of heat that they deflagrate and bunt into flame. Thus 
turpentine, C, H, 6 , bursts into flame when poured into fuming nitric 
acid. In virtue of its oxidising property, nitric acid remove* the 
hydrogen from many substances. Thus it decomposes hydriodic acid, 
separating the iodine and forming water ; and if fuming nitric acid be 
poured into a flask containing gaseous hydriodic acid, then a rapid 

«* Montemertini endeavours to show that the products evolved in the action of nitrio 
acid upon metals (and their amount) is in direct connection with both the concentration 
of the acid and the capacity of the metals to decompose water. Those metals which 
only decompose water at a high temperature give, under the action of nitric acid, NO,, 
N 2 4 , and NO; whilst those metals which decompose water at a lower temperature give, 
besides the above products, N a 0, N, and NH S ; and, lastly, the metals which decompose 
water at the ordinary temperature also evolve hydrogen. It is observed that concentrated 
nitric acid oxidises many metals with much greater difficulty than when diluted with 
water ; iron, copper, and tin are very easily oxidised by dilute nitric acid, but remain 
unaltered under the influence of monohydrated nitric acid or of the pure hydrate NHOj. 
Nitric acid diluted with a large quantity of water does not oxidise copper, but it oxidises 
tin ; dilute nitric acid also does not oxidise either silver or mercury ; but, on the addition 
of nitrous acid, even dilute acid acts on the above metals. This naturally depends on 
the smaller stability of nitrous acid, and on the fact that after the commencement of 
the action the nitric acid is itself converted into nitrous acid, which continues to act on the 
silver and mercury. Veley (Oxford 1891) made detailed researches on the action of 
nitric acid upon Cu, Hg, and Bi, and showed that nitric acid of 80 p.c strength does 
not act upon these metalt at the ordinary temperature if nitrous acid (traces are destroyed 
by urea) and oxidising agents such as H^O* KClOj, &c be entirely absent ; but in the 
presence of even a small amount of nitrous acid the metals form nitrites, which, with 
HN0 5 , form nitrates and the oxides of nitrogen, which reform the nitrous acid 
necessary for starting the reaction, because the reaction 2NO + HN0 5 + H a O = 3HNO a is 
reversible. The above metals are quickly dissolved in a 1 p.c. solution of nitrous acid. 
Moreover, Veley observed that nitric acid is partially converted into nitrous acid by 
gaseous hydrogen in the presence of the nitrates of Cu and Pb. 
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reaction takes place, accompanied by flame and the s ep ar ati on of violet 
vapours of iodine and brown fames of oxides of nitrogen. 4 * 

As nitric acid is very easily decomposed with the separation of 
oxygen, it was for a kmg time supposed that it was not capable of 
forming the corresponding nitric ankydride, N,O s ; but Deviile first 
apd subsequently Weber and others, discovered the methods of its for- 
mation. Deviile obtained nitric anhydride by decomposing silver nitrate 
by chlorine under the influence of a moderate heat. Chlorine acts on the 
above salt at a temperature of 95° (2AgNO, + a,=2AgCl+N 1 4 + 0>, 
and when once the reaction is started, it continues by itself without 
further heating. Brown fumes are given off, which are condensed in a 
tube surrounded by a freezing- mixture. A portion co nde nses in this 
tube and a portion remains in a gaseous state. The latter contains 
free oxygen. A crystalline mass and a liquid substance are obtained in 
the tube ; the liquid is poured off, and a current of dry carbonic acid 
gas is passed through the apparatus in order to remove all traces of 
volatile substances (liquid oxides of nitrogen) adhering to the crystals 
of nitric anhydride. These form a voluminous mass of rhombic crystals 
(density 1*64), which sometimes are of rather large sixe ; they melt at 
about 30° and distil at about 47V In distilling, a portion of the sub- 
stance is decomposed. With water these crystals give nitric arid. 
Nitric anhydride is also obtained by the action of phosphoric anhydride, 
P,O s , on cold pure nitric acid (below 0°). During the very careful 
distillation of equal parts by weight of these two substances a por- 
tion of the acid decomposes, giving a liquid compound, H ? 0,2NjOj 
=X 2 0$,2HN03, whilst the greater part of the nitric acid gives the 
anhydride according to the equation 2NHO, + P t 5 =2PHO,-rX,0 A . 
On heating, nitric anhydride decomposes with an explosion, or gradu- 
ally, into nitric peroxide and oxygen, N,O i =y 2 4 +0. 

2iitrogen peroxide^ Nj0 o and nitrogen dioxidf, XOj, express one 

43 When nitric aad aces on nuj organic substances it often happens thai not only 
is hydrogen remoTed, hot also orygen is combined ; thus, for example, nitric acid con- 
Ttrts toluene, C?H*, into bensoic acid, C^H^O*. In certain cases, also, a portion of the 
carbon contained in an organic substance buns at the expense of the oxygen of the 
nitric acid. So, for ins t ance, phthalic acid, C,H«0«, is obtained from naphtha l en e. C^Ht, 
The* the action of nitric acid on the hydrocarbons is often most compter; not only does 
nitnScatioo take place, but also sepa r ation of carbon, displacement of hydrogen, and 
combination of oxygen. There are few organic substances which can withstand the 
action of nitrio acid, and it causes fundamental cha nge s in a number of them* 
It leaves a yellow stain on the skin, and in a large quantity causes a wound and entirely 

.earn away the membranes of the body. lue membranes of plants are eaten into with the 
410s! sil ease by strong nitric acid m just the same manner. One of the meet d arable 

fcfeee vegetable dyes employed in dyeing tissues is sWi so ; yet it is easily cowne r i ss ? imtm 

mmW eaietance by the action of nitric acid; end email traces of free nitric acid may 

\e recognised by this m e sne , 
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and the Same composition, but they should be distinguished like ordinary 
oxygon and ozone, although in this case their mutual conversion is 
more easily effected and takes place on vaporisation ; also, O, loses heat 
in passing into O* whilst N,0 4 absorbs heat in forming NO,. 

Nitric acid in acting on tin and on many organic substances (for 
example, starch) gives brown vapours, consisting of a mixture of N s O* 
and NO,. A purer product is obtained by the decomposition of lead 
nitrate by heat, Pb(NO a ),=2NO s + 0+PbO, when non- volatile lead 
oxide, oxygen gas, and nitrogen peroxide are- formed. The latter con- 
denses, in a well-cooled vessel, to a brown liquid, which boils at about 
22°. The purest peroxide of nitrogen, solidifying at — 9°, is obtained 
by mixing dry oxygen in a freezing- mixture with twice its volume 
of dry nitric oxide, NO, when transparent prisms of nitrogen peroxide 
are formed in the receiver : they melt into a colourless liquid at about 
— 10°. When the temperature of the receiver is above — 9°, the. 
crystals melt* 44 and at 0° give a reddish yellow liquid, like that ob- 
tained in the decomposition of lead nitrate. The vapours of nitrogen 
peroxide have a characteristic odour, and at the ordinary temperature 
are of a dark -brown colour, but at lower temperatures the colour of 
the vapour is much fainter. When heated, especially above 50°, the 
colour becomes a very dark brown, so that the vapours almost lose their 
transparency. 

The causes of these peculiarities of nitrogen peroxide were not 
clearly understood until Deville and Troost determined the density 
and dissociation of the vapour of this substance at different temperatures, 
and showed that the density varies. If the density be referred to that 
of hydrogen at the same temperature and pressure, then it is found to 
vary from 38 at the boiling point, or about 27°, to 23 at 135°, after 
which the density remains constant up to those high temperatures at 
which the oxides of nitrogen are decomposed. As on the basis of the 
laws enunciated in the following chapter, the density 23 corresponds 
with the compound NO, (because the weight corresponding with this 
molecular formulas 46, and the density referred to hydrogen as unity i& 
equal to half the molecular weight) ; therefore at temperatures above 1 35° 
the existence of nitrogen dioxide only must be recognised. It is this 
gas which is of a brown colour. At a lower temperature it forms 

*• According to certain investigations, if a brown liquid is formed from the melted 
crystal* by Kiting shore —9°, then they no longer solidify at - 10°, probably because » 
certain amount of N^Oj (and oxygen) is formed, and this substance remains liquid at 
-80°, or it may be that the passage from 3N0 9 into N,0 4 is not so easily accomplished 
as the passsge from N 9 4 into 2NO*. 

Liquid nitrogen peroxide (that is, a mixture of NO| and N,OJ is employed in admix-, 
lure with hydrocarbons as an exploeiTe. 
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nitrogen peroxide, N 2 4 , whose molecular weight, and therefore density, 
is twice that of the dioxide. This substance, which is isomeric with 
nitrogen dioxide, as ozone is isomeric with oxygen, and has twice as 
great a vapour density (46 referred to hydrogen), is formed in greater 
quantity the lower the temperature, and crystallises at — 10°. The 
reasons both of the variation of the colour of the gas (N a 4 gives 
colourless and transparent vapours, whilst those of N0 2 are brown and 
opaque) and the variation of the vapour density with the variation of 
temperature are thus made quite clear ; and as at the boiling point a 
density 38 was obtained, therefore at that temperature the vapours 
consist of a mixture of 79 parts by weight of N 2 4 with 21 parts by 
weight of N0 2 . 4ft It is evident that a decomposition here takes place 
the peculiarity of which consists in the fact that the product of decom- 
position, N0 2 , is polymerised (i.e. becomes denser, combines with itself) 
at a lower temperature ; that is, the reaction 

N,0 4 =N0 2 + NO a 

is a reversible reaction, and consequently the whole phenomenon re- 
presents a dissociation in a homogeneous gaseous medium, where the 
original substance, N 2 4 , and the resultant, N0 2 , are both gases. The 
measure of dissociation will be expressed if we find the proportion 
of the quantity of the substance decomposed to the whole amount of 
the substance. At the boiling point, therefore, the measure of the 
decomposition of nitrogen peroxide will be 21 p.c. ; at 135° it = 1, 
and at 10° it=s0; that is, the N 2 4 is not then decomposable. 
Consequently the limits of dissociation here are — 10° and 136° at 
the atmospheric pressure. 46 Within the limits of these tempera* 

44 Because if x equal the amount by weight of N 2 4 , iU volume will = */46, and the 
amount of NOj will o 100— x, and consequently its volume will =»(100— x)/28. But the 
mixture, having a density 88, will weigh 100; consequently its volume will ■* 100/88. 
Hence x/46 + (100- *)/2S = 100/88, or x = 79*0. 

40 The phenomena and laws of dissociation, which we shall consider only in particular 
instances, are discussed in detail in works on theoretical chemistry. Nevertheless, in 
respect to nitrogen peroxide, as an historically important example of dissociation in a 
homogeneous gaseous medium, we will cite the results of the careful investigations (188S- 
1886) of £. and L. Natanson, who determined the densities under various conditions of 
temperature and pressure. The degree of dissociation, expressed as above (it may also be 
expressed otherwise —for example, by the ratio of the quantity of substance decomposed to 
that unaltered), proves to increase at all temperatures as the pressure diminishes, which 
would bo expected for a homogeneous gaseous medium, as a decreasing pressure aida 
the formation of the lightest product of dissociation (that having the least density or 
largest volume). Thus, in the Natansons' experiments the degree of dissociation at 0° in- 
creases from 10 p.c. to 80 p.c, with a decrease of pressure of from 251 to 88 mm.; at49°*7 
it increases from 49 p.c. to 98 p.c, with a fall of pressure of from 498 to 27 mm, and at 
100° it increases from 892 p.c to 99*7 p.c, with a fall of pressure of from 7825 to 11*7 mm. 
At 180° and 150° the decomposition it complete— that it, only NO* remains at the low 
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tares the vapours of nitrogen peroxide have not a constant density, but, 
on the other hand, above and below these limits definite substances exist. 
Thus above 135° N a 4 has ceased to exist and NO a alone remains. It 
is evident that at the ordinary temperature there is a partially dissociated 
system or mixture of nitrogen peroxide, N 2 4) and nitrogen dioxide, 
NOj. In the brown liquid boiling at 22° probably a portion of the 
N a O« has already passed into NO* and it is only the colourless liquid 
and crystalline substance at —10° that' can be considered as pure 
nitrogen peroxide. 47 

The above explains the action of nitrogen peroxide on water at low 
temperatures. N a 4 then acts on water like a mixture of the anhy- 
drides of nitrous and nitric acids. The first, N^Oj, may be looked on 
as water in which each of the two -atoms of hydrogen is replaced by the 
radicle NO, while in the second each hydrogen is replaced by the radicle 
N0 2 , proper to nitric acid ; and in nitrogen peroxide one atom of the 
hydrogen of water is replaced by NO and the other by NO* as is seen 
from the formulae — 

H} . NO) . NO) . NOJ . 

or H a O; N a O a ; N a 4 ; N a O ft . 

In fact, nitrogen peroxide at low temperatures gives with water (ice) 
both nitric, HNO a , and nitrous, HNO a , acids. The latter, as we shall 
afterwards see, splits up into water and the anhydride, N a 3 . If, how- 
ever, warm water act on nitrogen peroxide, only nitric acid and mon- 
oxide of nitrogen are formed : 3NO a + H a O=NO + 2NH0 3 . 

Although NO a is not decomposed into N and O even at 600°, 

still in many cases it acts as an oxidising agent. Thus, for instance, 

it oxidises mercury, converting it into mercurous nitrate, 2NO a + Hg 

pressures (leas than the atmospheric) at which the Natansons made their determina- 
tions; but it is probable that at higher pressures (of several atmospheres) molecules of 
N a 4 would still be formed, and it would be exceedingly interesting to trace the pheno- 
mena under the conditions of both very considerable pressures and of relatively large 
volumes. 

47 Liquid nitrogen peroxide is said by Geuther to boil bX 22°-26°, and to have a sp. gr. 
at 0° = Vl9i and at 15° » 1474. It is evident that, in the liquid as in the gaseous state, 
the variation of density with the temperature depends, not only on physical^ut also onj 
chemical changes, as the amount of N a 4 decreases and the amount of N0 2 increases with 
the temperature, and they (as polymeric substances) should have different densities, aa 
we find, for instance, in the hydrocarbons C5H10 and 0,^11^. 

It may not be superfluous to mention here that the measurement of the specific heat 
of a mixture of the vapours of N 9 4 and NO a enabled Berthelot to determine that the 
transformation of 2N0 3 into N a 4 is accompanied by the evolution of about 18,000 units 
of heat, and as the reaction proceeds with equal facility In either direction, it wOl be 
exothermal in the one direction and endothermal in the other , and this clearly demon- 
strates the possibility of reactions taking place in either direction, although, as a rule, 
reactions evolving heat proceed with greater ease. 
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-= HgXO, + NO, being itself deoxidised into nitric oxide, into which 
the dioxide in many other instances passes, and from whkh it is 
easily formed- 1 * 

Xitrous anhydride, X,0„ corresponds 45 to nitrons acid, XHO*, 
which forms a series of salts, the nitrites —for example, the sodium salt 
XaXO„ the potassium salt KXO* the ammonium salt (XH^XO* 50 
the silver salt AgXOj, 51 drc Xeither the anhydride nor the hydrate 
of the acid is known in a perfectly pure state. The anhydride has only 
been obtained as a very unstable substance, and has not yet been fully 
investigated ; and on attempting to obtain the acid XHO, from its 
salts, it always gives water and the anhydride, whilst the latter, as an 
intermediate oxide, partially or wholly splits up into XO+XO*. But 
the salts of nitrous acid are distinguished for their great stability. 
Potassium nitrate, KXO„ may be converted into potassium nitrite by 

* Nitric acid of sp. gr. 1*51 iir dissolving nitrogen peroxide b eco me* brown, wtrils* 
Bitric acid olsp.gr. 1 52 U coloured greenish blee, aad acid of sp. gr. below 1 15 remains 
colourless after absorbing nitrogen peroxide (Note 53). 

* Nitrogen peroxide as a mixed snhstancc has no c orresp on diag i n depen d en t salts, 
bat Sebalier and Senderens (1S92) shoved that ander certain conditions NO| co mb iae i 
directly with some metals — for instance, copper aad cobalt — forming Ca^NO* aad CoXO* 
as dark brown powders, which do not, however, exhibit the reactions of salts. The* 
by passing gaseous nitrogen dioxide over freshly redaosd (from the oxides by besting 
with hydrogen > copper at 25 c -30°, CUfNO,is directly formed. With water it partly gives 
off NO* and partly forms nitrite of copper, Wring metallic copper aad its snboridc 
The natare of these oompo c nds has not yet been salncseatly nmrtigsted 

» Ammoainm nitrite maybe easily obtained in sotntion by a similar method of doable 
decomposition (for instance, of the bariam ash with ammoaiam sulphate) to the other 
salts of nitrons acid, bat it decomposes with great ease when evaporated, with evo- 
lataoB of gaseoas nitrogen, as already meationed (Chapter V.) If the solatioa, however, 
be eraporated at the ordinary temperatare aader the r ece iver of aa air-pomp, a solid 
saline mass is obtained, which is easily decomposed when bested. TVe dry salt even 
decompose* with aa explosion when strack, or wbaa heated to aboat 70°— NR.NO, 
-iHrO + Nj. It is also formed by the action of aqaeoas ammonk oa a mixtare of aitric 
oxide aad oxygen, or by the action of oaoae oa ammonia, aad in many other instances. 
ZSreasea (lS94)~prepared NH^NO, by the action of a mixtare of NyO, aad other oxides 
of aitrogea on lamps of ammoaiam carbonate, ertrantrag the nitrite of ammoaiam 
fo rme d with eb*olate alcohol, and precipitating it from this solatioa by ether. Ibis salt 
is crystalline, dissolves in water with absorption of heat, aad attracts moistare from the 
air. The solid salt and its concentrated eolations de comp os e with aa explosion when 
b«*tcd to SOa-eo 8 , especially ia the presence of traces of fdresga acids. Decomposition 
also proceeds at the ordinary temperature, bat more slowly ; and in order to preserve the 
salt it shoald be cohered with a layer of pare dry ether. 

** Silver nitrite, AgNO* is obtained as a very subtly salable substance, as a pceo- 
P*tste,oa mixiaf solatioas of silver nitrate, AgNO* end itotaaanm aitrite, KNO». U 
h stable ia a large volame of water, and this is taken advantage of to free it from 
**lver oxide, which is also present in the precipitate, owing to the fact that potaaamm 
nitrite always eontaias a eertaia amoant of oxide, which with water gives the hydroxide, 
^n>^^^ of silver with silver aitrata. IVe solatioa of sOvaraitritepves, by doable 
««**To«*ioa with metallic cUorides (for testnaee, bariam chloride), iaiolahli a0var 
chloride and the aitrite of the metal taken Qm this oaeA bariam eitrite, Be(NOan). 
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depriving it of a portion of its oxygen ; for instance, by fusing it (at 
not too high a temperature) with metals, such as lead, KN0 3 + Pb 
srKNOt-fPbO.* 1 bi « The resultant salt is soluble in water, whilst tho 
oxide of lead is insoluble. With sulphuric and other acids the solution 
of potassium nitrite '* 2 immediately evolves a brown gas, nitrous anhy- 
dride : 2KNOi + H 2 S0 4 =K 2 S0 4 + N 2 3 + H 2 0. The same gas (N. 2 0,i) 
is obtained by passing nitric oxide at 0° through liquid peroxide of 
nitrogen,* 3 or by heating starch with nitric acid of sp. gr. 1*3. At a 
very low temperature it condenses into a blue liquid boiling below 0°, M 
but then partially decomposing into NO-f N0 2 . Nitrous anhydride 
possesses a remarkable capacity for oxidising. Ignited bodies burn in it, 
nitric acid absorbs it, and then acquires the property of acting on silver 
and other metals, even when diluted. Potassium iodide is oxidised by 
this gas just as it is by ozone (and by peroxide of hydrogen, chromic 
and other acids, but not by dilute nitric acid nor by sulphuric acid), 
with the separation of iodine. This iodine may be recognised (see 
Ozone, Chapter IV.) by its turning starch blue. Very small traces 
of nitrites may be easily detected by this method. If, for example, 
starch and potassium iodide are added to a solution of potassium 
nitrite (at first there will be no change, there being no free nitrous acid), 
and then sulphuric acid be added, the nitrous acid (or its anhydride) 
immediately set free liberates iodine, which produces a blue colour with 
the starch. Nitric acid does not act in this manner, but in the presence 
of zinc the coloration takes place, which proves the formation of 
nitrous acid in the deoxidation of nitric acid. 55 Nitrous acid acts 



ai bi» Leroy (1839) obtained KN0 2 by mixing powdered KN0 5 with BaS, igniting the 
mixture in a crucible and washing the fused salts ; BaS0 4 is then left as an insoluble 
residue, and KNO* pushes into Bolution : iKNOj + BaS = 4KNO, + BaS0 4 . 

42 Probably potassium nitrite, KNO^, when strongly heated, especially with metallic 
oxides, evolves N and O, and gives potassium oxide, K 2 0, because nitre is liable to suoh 
a decomposition ; but it has, as yet, been but little investigated. 

53 There are many researches which lead to the conclusion that the reaction N a O s 
=-NO.. + NO is reversible, i.e. resembles the conversion of N a 4 into NO^. The brown 
colour of the fumes of N 2 Oj is due to the formation of NO*. 

If nitrogen peroxide be cooled to - 20°, and half its weight of water be added to it drop 
by drop, then the peroxide is decomposed, as we have already said, into nitrous and nitric 
acids ; the former does not then remain as a hydrate, but straightway passes into the 
anhydride, and, hence, if the resultant liquid be slightly warmed vapours of nitrous 
anhydride, NjOj, are evolved, and condense into a blue liquid, as Fritesche showed. 
This method of preparing nitrous anhydride apparently gives the purent product, but it 
easily dissociates, forming NO and NO^ (and therefore also nitric acid in the presence 
of water). 

w According to Thorpe, N. a 3 boils at + 18°. According to Oeuther, at + 3 0, 5, and its 
ep.gx. at 0°« 1*449. 

*» In iU oxidising action nitrous anhydride gives nitric oxide, N/Dj* 2N0 + 0. Thus 
its analogy to ozone becomes still more marked, because in ozone it is only one-third of 
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directly on ammonia, forming nitrogen and water, HNO,+NH, 

A* nitrous anhydride easily splits up into NO,+NO, so, like NO,, 
with warm water it gives nitric acid and nitric oxide, according to the 
equation 8NjO, +H s O«4NO+2NHO t . 

Being in a lower degree of oxidation than nitrio acid, nitrous acid 
and its anhydride are oxidised in solutions by many oxidising substanoes 
— for example, by potassium permanganate— into nitrio add.* 7 

Nitric oxide, NO.— This permanent gas* 8 (that is, unliquefiable by 
pressure without the aid of cold) may be obtained from all the above- 
described compounds of nitrogen with oxygen. The deoxidation of 
nitrio acid by metals is the usual method employed for its preparation. 
Dilate nitric acid (sp. gr. 1 18, but not stronger, as then N,0, and 
NO, are produced) is poured into a flask containing metallic copper. 89 

the oxygen that acts m oxidising; from Os there is obtained O, v/hich ectseesn oxidiser, 
and common oxygen Of. In a physical aspect the relation bs tw son N*0* and 0* it 
tcvoaled in the fact that both substances aw of a blue colour whan in the liquid dots. 

*• This reaction U taken advantage of for converting the amides, NH*R (where B aa 
snelenMtoraoomplexgre^)mtohydroxidee,RHO. In this case NH,R+NHOt forms 
•N + H,0 + RHO| NH, is replaced by HO, the radicle of ammonia by the radicle of water. 
Ibis reaction ie employed for transforming many ni trog en ous ocganio aubetances having 
the properties of amides into their c or r e s p o ndin g hydroxides. Urns aniline, GA'KHf 
which is obtained from nitrobenzene, C+rVNO* (Note 87), is co nv e rte d by nitrons anhy- 
dride into phenol, CtHyOH, which occors in the creosote extracted from coal tar. Thus 
the H of the benntoe is sncoessively replaced by NO* NH* and HO ; a method which is 
enitahle for other cases also. 

» The action of a solution of frjUasiiim permanganate, UnO* on nitrons acid in 
the presence of snlphnric add is determined by the fact that the higher oxide of man- 
ganese, MntOy, contained m the permanganaU b converted into the lower oride, MoO, 
which as a base farms ma ng a nes e sulphate, Mn8Q» and the oxyge n serves for the cada- 
tion of the NfC* into N*0* or iU hydrate. As the sotntion of the permanganate is of a 
red colour, whilst that of nunganeee sulphate is eln>ce4c<>ldurtses,th» reaction is clearly 
seen* and may be employed far the detection and Sstcrmmation of nitrons acid. and tin 




« TteaheomtobcOmg point « -9S° (set Chapter IL, Nets »V 
* ITimmoi si proposed preparing nitric oxide, NO, by ponring a i 
nitrate over copper shavings, and adding snlphnrie acid drop by drop, the < 
ferrous salt* by nitric acid also gives NO. One part of strong hy droc hl oric acid is taken 
end iron it dissolved in it (FeCl*), and then aa equal quantity of hydrochlorm acsd and 
nitre m sdM to the eolation. On heating, nitnc oxids it evolved. In the presence of 
an excess of sulphuric acid and me r c ur y the conversion of nitric acid into nitric oxids ie 
ctenpfet* (OuaiMhereeetkniaxKeedstotheeadandthew 

ethsr prodocte), and upon Uas is founded one of the methods far determining nitric ami 
(m nitrome te rs of various kinds, described in text- books of analytical iilinmuiami j), as tan 
•■cunt of NO can be easQy snd accurately iiuacaiod volun^etrioaDy. The amount of 
a* 1 * an in gun-cotton, far instance, is determined by dissolving it in sulphuric acid. 
y^Qf wMd acts in the same manner. Upon this property Bunch (1W) founds hie 
tattled far prsparing pure NO. He pours m erc u ry into a leak, snd then covers it with 
■¥■* •csd, ta which a certaia amount of NeNO, or other auhatsnee correi 
w>mHo»orHNOt has been dissehwi. The evofcetwn of NO nroenaus at the < 
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The reaction commences at the ordinary temperature. Mercury and 
silver also give nitric oxide with nitric acid. . In these reactions with 
metals one portion of the nitric acid is employed in the oxidation of the 
metal, whilst the other, and by far the greater, portion combines with the 
metallic oxide so obtained, with formation of the nitrate corresponding 
with the metal taken. The first action of the copper on the nitric acid 
is thus expressed by the equation 

2NH0 3 + 3Cu==H 2 + 3CuO + 2NO. 

The second reaction consists in the formation of copper nitrate — 
6NHO3 + 3CuO=3H 2 + 3Cu(N0 8 ) 2 . 

Nitric oxide is a colourless gas which is only slightly soluble in 
water (^ of a volume at the ordinary temperature). Reactions of 
double decomposition in which nitric oxide readily takes part are not 
known — that is to say, it is an indifferent, not a saline, oxide. Like 
the other oxides of nitrogen, it is decomposed into its elements at a red 
heat (starting from 900°, at 1,200° 60 percent, give N a and 2N 2 O a , but 
complete decomposition into N 2 and 2 only takes place at the melting 
point of platinum, Emich 1892). The most characteristic property of 
nitric oxide is its capacity for directly and easily combining with oxygen 
(owing to the evolution of heat in the combination). With oxygen it 
forms nitrous anhydride and nitrogen peroxide, 2NO + 0=N 2 3 , 
2NO + 2 =2N0 2 . If nitric oxide is mixed with oxygen and imme- 
diately shaken up with caustic potash, it is almost entirely converted 
into potassium nitrite ; whilst after a certain time, when the formation 
of nitric peroxide has already commenced, a mixture of potassium nitrite 
and nitrate is obtained. If oxygen is passed into a bell jar filled with nitric 
oxide, brown fumes of nitrous anhydride and nitric peroxide are formed, 
even in the absence of moisture ; these in the presence of water give, aa 
we already know, nitric acid and nitric oxide, so that in the presence of 
an excess of water and oxygen the whole of the nitric oxide is easily and 
directly converted into nitric acid. This reaction of the re-formation of 
nitric acid from nitric oxide, air, and water, 2NO + H 2 + 3 =2HN0 3 , 
is frequently made use of in practice. The experiment showing the 
conversion of nitric oxide into nitric acid is very striking and instructive. 
As the intermixture of the oxygen with the oxide of nitrogen proceeds, 
the nitric acid formed dissolves in water, and if an excess of oxygen 
has not been added the whole of the gas (nitric oxide), being converted 

temperature, being more rapid as the surface of the mercury is increased (if shaken, the 
reaction proceeds very rapidly). If the gas be passed over KHO, it is obtained quite 
pure, because KHO does not act upon NO at the ordinary temperature (if heated, KNO t 
and N a O or N* are formed). 
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into HN0 3 , is absorbed, and the water entirely fills the bell jar 
previously containing the gas. 60 It is evident that nitric oxide 61 in 
combining with* oxygen has a strong tendency to give the higher 
types of nitrogen compounds, which we see in nitric acid, HN0 3 or 
NOj(OH), in nitric anhydride, N,0 5 or (N0 2 ) 2 0, and in ammonium 
chloride, NH 4 C1. If X stand for an atom of hydrogen, or its 
equivalents, chlorine, hydroxy!, &C, and if 0, which is, according to 
the law of substitution, equivalent to H 3 , be indicated by X„ then the 
three compounds of nitrogen above named should be considered as 
compounds of the type or form NX V For example, in nitric acid 
X 6 =O a 4-(OH), where O a =X 4 , and OHssX whilst nitric oxide is a 
compound of the form NX S . Hence this lower form, like lower forms 
in general, strives by combination to attain to the higher forms proper to 
the compounds of a given element. NX, passes consecutively into NX, 
—namely, into N 2 8 and NH0 2 , NX 4 (for instance NO,) and NX 6 . 

As the decomposition of nitric oxide begins at temperatures above 
900°, many substances burn in it; thus, ignited phosphorus con- 
tinues to burn in nitric oxide, but sulphur and charcoal are extinguished 
in it. This is due to the fact that the heat evolved in the combustion 
of these two substances is insufficient for the decomposition of the nitric 

<° This transformation of the permanent gases nitric oxide and oxygen into liquid 
nitrio acid in the presence of water, and with the evolution of heat, presents a most 
striking instance of liquefaction produced by the action of chemical forces. They per- 
form with ease the work which physical (cooling) and mechanical (pressure) forces effect 
with difficulty. In this the motion, which is so distinctively the property of the gaseous 
molecules, is apparently destroyed. In other cases of chemical action it is apparently 
created, arising, no doubt, from latent energy— that is, from the internal motion of the 
atoms in the molecules. 

<i Nitric oxide is capable of entering into many characteristic* combinations; it is 
absorbed by the solutions of many acids, for^ instance, tartaric, acetic, phosphoric, 
sulphuric, and metallic chlorides (for example, 8bClj, BiClj, <fcc, with which it forms 
definite compounds; Besson 1889), and also by the solutions of many salts, especially 
those formed by suboxide of iron (for instance, ferrous sulphate). In this case a brown 
compound is formed which is exceedingly unstable, like all the analogous compounds of 
nitrio oxide. The amount of nitric oxide combined in this manner is in atomio pro- 
portion with the amount of the substance taken ; thus ferrous sulphate, FeSO* absorbs 
**• In the proportion of NO to 2FeS0 4 . Ammonia is obtained by the action of a caustic 
kH on the resultant compound, because the oxygen of the nitric oxide and-water an 
ferred to the ferrous oxide, forming ferric oxide, whilst the nitrogen combines with 
fdrogen of the water. According to the investigations of Gay (1885), the compound 
irmed with the evolution of a large quantity of heat, and is easily dissociated, like a 
attion of ammonia in water. It is evident that oxidising substances (for example, 
tium permanganate, KMn0 4 , Note 57) are able to convert it into nitric acid. If 
» of a radicle NO*, composed like nitrogen peroxide, must be recognised in 
I compounds of nitric acid, then a radicle NO, having the composition of nitrio oxide, 
~m admitted in the compounds of nitrous acid. The compounds in which the radicle 
bfscognised are called nitroto-compoundt. These substances are described in 
|s's work (Kief, 1868). 
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oxide, whilst the heat developed by burning phosphorus suffices to pro- 
duce this decomposition. That nitric oxide really supports combustion, 
owing to its being decomposed by the action of heat, is proved by the 
fact that strongly ignited charcoal continues to burn in the same nitric 
oxide 69 in which a feebly incandescent piece of charcoal is extin- 
guished 

The compounds of nitrogen with oxygen which we have so far con* 
eidered may all be prepared from nitric oxide, and may themselves be 
converted into it Thus nitric oxide stands in intimate connection 
with them. 63 The passage of nitric oxide into the higher degrees of 
oxidation and the converse reaction is employed in practice as a means 
for transferring the oxygen of the air to substances capable of being 
oxidised. Starting with nitric oxide, it may easily be converted, with 
the aid of the oxygen of the atmosphere and water, into nitric acid, 
nitrous anhydride, and nitric peroxide, and by their means employed to 
oxidise other substances. In this oxidising action nitric oxide is again 
formed, and it may again be converted into nitric acid, and so on con- 
tinuously, if only oxygen and water be present. Hence the fact, which 
at first appears to be a paradox, that by means of a small quantity of 
nitric oxide in the presence of oxygen and water it is possible to oxidise 

w A mixture of nitric oxide and hydrogen is inflammable. If a mixture of the two 
gases be passed over spongy platinum the nitrogen and hydrogen even combine, forming 
ammonia. A mixture of nitric oxide with many combustible vapours and gases is very in* 
flammable. A very characteristic flame is obtained in burning a mixture of nitric oxide 
and the vapour of the combustible carbon bisulphide, CS 3 . The latter substance is very 
volatile, so that it is sufficient to pass the nitric oxide through a layer of the carbon bisul* 
phide (for instance, in a Woulfe's bottle) in order that the gas escaping should contain a 
considerable amount of the vapours of this substance. This mixture continues to burn 
when ignited, and the flame emits a large quantity of the so-called ultra-violet rays, 
which are capable of inducing chemical combinations and decompositions, and therefore 
the flame may be employed in photography in the absence of sufficient daylight (magnesium 
light and electric light have the same property). There are many gases (for instance, 
ammonia) which when mixed with nitric oxide explode in a eudiometer. 

<° The oxides of nitrogen naturally do not proceed directly from oxygen and nitrogen 
by contact alone, because their formation is accompanied by the absorption of a large 
quantity of heat, for ($ee Note 29) about 21,600 heat units are absorbed when 16 
parts of oxygen and 14 parts of nitrogen combine ; consequently the decomposition of 
nitrio oxide into oxygen and nitrogen is accompanied by the evolution of this amount of 
heat; and therefore with nitrio oxide, as with all explosive substances and mixtures, the 
reaction once started is able to proceed by itself. In fact, Berthelot remarked the decom* 
position of nitric oxide in the explosion of fulminate of mercury. This decomposition 
does not take place spontaneously ; substances even burn with difficulty In nitric oxide, 
probably because a certain portion of the nitric oxide in decomposing gives oxygen, which 
combines with another portion of nitric oxide, and forms nitric peroxide, a somewhat more 
stable compound of nitrogen and oxygen. The further combinations of nitric oxide with 
oxygen all proceed with the evolution of heat, and take place spontaneously by contact 
with air alone. It is evident from these examples that the application of thermochemical 
data is limited. 
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an indefinitely large quantity of substances which cannot be directly 
oxidised either by the action of the atmospheric oxygen or by the 
action of nitric oxide itself. The sulphurous anhydride, SO* which 
is obtained in the combustion of sulphur and in roasting many metallic 
sulphides in the air is an example of this kind. In practice this gas 
is obtained by burning sulphur or iron pyrites, the latter being thereby 
converted into oxide of iron and sulphurous anhydride. In contact with 
the oxygen of the atmosphere this gas does not pass into the higher 
^degree of oxidation, sulphuric anhydride, S0 3 , and if it does form sul- 
phuric acid with water and the oxygen of the atmosphere, S0. 2 + H 2 + O 
= H 2 S0 4 , it does so very slowly. With nitric acid (and especially with 
nitrous acid, but not with nitrogen peroxide) and water, sulphurous 
anhydride, on the contrary, very easily forms sulphuric acid, and 
especially so when slightly heated (about 40°), the nitric acid (or, better 
still, nitrous acid) being converted into nitric oxide — 

3SO, + 2NH0 3 + 2H 2 0=2H 2 S0 4 + 2NO. 

The presence of water is absolutely indispensable here, otherwise 
sulphuric anhydride is formed, which combines with the oxides of 
nitrogen (nitrous anhydride), forming a crystalline substance containing 
oxides of nitrogen (chamber crystals, which will be described in Chapter 
XX.) Water destroys this compound, forming sulphuric acid and 
Separating the oxides of nitrogen. The water must be taken in a 
r quantity than that required for the formation of the hydrate 
H t S0 4 , because the latter absorbs oxides of nitrogen. With an excess 
of water, however, solution does not take place. If, in the above re- 
action, only water, sulphurous anhydride, and nitric or nitrous acid be 
taken in a definite quantity, then a definite quantity- of sulphuric acid 
and nitric oxide will be formed, according to the preceding equation ; but 
reaction ends and the excess of sulphurous anhydride, if there 
be any, \\ ill remain unchanged. But if we add air and water, then the 
1 oxide will unite with the oxygen to form nitrogen peroxide, and 

ith water to form nitric and nitrous acids, which again give 
ra a fresh quantity of sulphurous anhydride, Nitric 
brmed, which is able to start the oxidation afresh if 
rr. Thus it is possible with a definite quantity of 
o convert an indefinitely large quantity of sulphurous 
nto sulphuric acid, water and oxygen only being required. 6 * 

Inntancc of the action of a small quantity of NO in inducing a definite 

reaction between large masses (SO^ + O + HjO-H.SO*) is Yery instructive, 

' -1 relating to it Have been studied, and show that intermediate 

bo discovered in the so-called contact or catalytic phenomena 

,tter here it that AZ-SOJ reacts upon B («0 and H a O) in the pr*. 
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This may be easily demonstrated by an experiment on a small scale, if 
a certain quantity of nitric oxide be first introduced into a flask, and 
sulphurous anhydride, steam, and oxygen be then continually passed in. 
Thus the above-described reaction may be expressed in the following 
manner : — 

nSO, + nO + (n «- w)H a O + NO= nH 2 S0 4 ,mH 2 + NO 

if we consider only the original substances and those finally formed lu 
this way a definite quantity of nitric oxide may serve for the conversion of 
on indefinite quantity of sulphurous anhydride, oxygen, and water into 
sulphuric acid In reality, however, there is a limit to this, because air, 
and not pure oxygen, is employed for the oxidation, so that it is necessary 
to remove the nitrogen of the air and to introduce a fresh quantity 
of air. A certain quantity of nitric oxide will pass away with this 
nitrogen, and will in this way be lost. 64 

The preceding series of changes serve as the basis of the manufacture 
of sulphuric acid or so-called chamber acid. This acid is prepared on a 
very large scale in chemical works because it is the cheapest acid whose 
action can be applied in a great number of cases. It is therefore used 
in immense quantities. 

sence of C, because it gives BC, a substance which forms AB with A, and again liberates 
C. Consequently C is a medium, a transferring substance, without which the reaction 
does not proceed. Many similar phenomena may be found in other departments of life. 
Thus the merchant is an indispensable medium between the producer and the consumer; 
experiment is a medium between the phenomena of nature and the cognisant faculties, 
and language, customs, and laws are media which are as necessary for the exchanges 
of social intercourse as nitric oxide for those between sulphurous anhydride and oxygen 
and water. 

M If the sulphurous anhydride be prepared by roasting iron pyrites, FeSg, then 
each equivalent of pyrites (equivalent of iron, 66, of sulphur 82, of pyrites 120) requires 
six equivalents of oxygen (that is 96 parts) for the conversion of its sulphur into sul- 
phuric acid (for forming 2H3SO4 with water), besides 1$ equivalents (24 parts) for con- 
verting the iron into oxide, Fe,0 3 ; hence the combustion of the pyrites for the formation 
of sulphuric acid and ferric oxide requires the introduction of an equal weight of oxygen 
(120 parts of oxygen to 120 parts of pyrites), or five times its weight of air, whilst four 
parts by weight of nitrogen will remain inactive, and in the removal of the exhausted 
air will carry off the remaining nitric oxide. If not all, at least a large portion of the 
nitric oxide may be collected by passing the escaping air, still containing some oxygen, 
through substances which absorb oxides of nitrogen. Sulphuric acid itself may be employed 
for this purpose if it be used in the form of the hydrate H 3 S0 4 , or containing only a 
•mall amount of water, because such sulphurio acid dissolves the oxides of nitrogen. 
They may be easily expelled from this solution by heating or by dilation with water, at 
they are only slightly soluble in aqueous sulphuric acid. Besides which, sulphurous 
anhydride acts on such sulphuric acid, being oxidised at the expense of the nitrous anhy- 
dride, and forming nitrio oxide from it, which again enters into the cycle of action. For 
this reason the sulphurio acid which has absorbed the oxides of nitrogen escaping from 
the chambers in the tower x (tee fig. 60) is led back into the first chamber, where it 
comes into contact with sulphurous anhydride, by which means the oxides of nitrogen 
Ore reintroduced into the reaction which proceeds in the chambers. This is the use of 
the towers (Gaj-Lussac's and Glover's) which are erected at either end of the chambers. 
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The process is carried on in a series of chambers (or in one divided 
by partitions as in fig. 50, which shows the beginning and end of a 
chamber) constructed of sheet lead. These chambers are placed one 
against the other, and communicate by tubes or special orifices so 
placed that the inlet tubes are in the upper portion of the chamber, 
and the outlet in the lower and opposite end. The current of steam 
and gases necessary for the preparation of the sulphuric acid passes 
through these chambers and tubes. The acid as it is formed falls to 
the bottom of the chambers or runs down their walls, and flows from 




Fio. ftO.— &vtlnn of rulplmrlc arid chamber*, the first nnd last chambers only being represented. 
The town fc> the hft is < .-ailed thr> Glovers tower, and that on the rljjht the Qay-Lusaac's tower. 
Leas tlian T ^th of the natural tiic. 

chamber to chamber (from the last towards the first), to permit of 
which the partitions do not reach to the bottom. The floor and walls 
of the chambers should therefore be made of a material on which 
the sulphuric acid will not act. Among the ordinary metals lead is 
the only one suitable. 65 bls 

For the formation of the sulphuric acid it is necessary to introduce 

• *•• Other metals, Iron, copper, line, are corroded by it ; glass and china am not 
acted upon, but they crack from the variations of temperature taking place in the chambers, 
and besides they are more difficult to join properly than lead; wood, Ac, become* 
charred. 



Digitized by 



Google 



COMPOUNDS OF NITROGEN WITH HYDROGEN AND OXYGEN 298 

sulphurous anhydride, .steam, air. and nitric acid, or some oxide of 
nitrogen, into the chambers. The sulphurous anhydride is produced by 
burning sulphur or iron pyrites. This is carried on in the furnace with 
four hearths to the left of the drawing. Air is led into the chambers 
and furnace through ori6ces in the furnace doors. The current of air 
and oxygen is regulated by opening or closing these orifices to a greater 
or less extent. The ingoing draught in the chambers is brought about 
by the fact that heated gases and vapours pass into the chambers, whose 
temperature is further raised by the reaction itself, and also by the 
remaining nitrogen being continually withdrawn from the outlet (above 
the tower k) by a tall chimney situated near the chambers. Nitric 
acid is prepared from a mixture of sulphuric acid and Chili saltpetre, 
in the same furnaces in which the sulphurous anhydride is evolved (or 
in special furnaces). Not more than 8 parts of nitre are taken to 100 
parts of sulphur burnt. On leaving the furnace the vapours of nitric 
acid and oxides of nitrogen mixed with air and sulphurous anhydride 
first pass along the horizontal tubes T into the receiver B b, which is 
partially cooled by water flowing in on the right hand side and running 
out on the left by o, in order to reduce the temperature of the gases enter- 
ing the chamber. The gases then pass up a tower filled with coke, and 
shown to the left of the drawing. In this tower are placed lumps of coke 
(the residue from the dry distillation of coal), over which sulphuric acid 
trickles from the reservoir m. This acid has absorbed in the end tower k 
the oxides of nitrogen escaping from the chamber. This end tower is also 
filled with coke, over which a stream of strong sulphuric acid trickles from 
the reservoir m'. The acid spreads oven the coke, and, owing to the large 
surface offered by the latter, absorbs the greater part of the oxides of 
nitrogen escaping from the chambers. The sulphuric acid in passing 
down the tower becomes saturated with the oxides of nitrogen, and 
flows out at h into a special receiver (in the drawing situated by the 
6ide of the furnaces), from which it is forced up the tubes h' h' by steam 
pressure into the reservoir m, situated above the first tower. The gases 
passing through this tower (hot) from the furnace on coming into con- 
tact with the sulphuric acid take up the oxides of nitrogen contained 
in it, and these are thus returned to the chamber and again participate 
in the reaction. The sulphuric acid left after their extraction flows 
into the chambers. Thus, on leaving the first coke tower the sulphurous 
annydride, air, and vapours of nitric acid and of the oxides of nitrogen 
pass through the upper tube m into the chamber. Here they come 
into contact with steam introduced by lead tubes Into various parts of 
the chamber. The reaction takes place in the presence of water, the 
sulphuric acid falls to the bottom of the chamber, and the same process 
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takes place in the following chambers until the whole of the sulphurous 
anhydride is consumed. A somewhat greater proportion of air than is 
strictly necessary is passed in, in order that no sulphurous anhydride 
should be left unaltered for want of sufficient oxygen. The presence 
of an excess of oxygen is shown by the colour of the gases escaping 
from the last chamber If they be of a pale colour it indicates an 
insufficiency of air (and the presence of sulphurous anhydride), as other* 
wise peroxide of nitrogen would be formed. A very dark colour shows 
an excess of air, which is also disadvantageous, because it increases the 
inevitable loss of nitric oxide by increasing the mass of escaping 



> 



Nitrous oxide, N 2 0,* 7 is similar to water in its volumetric composi- 
tion. Two volumes of nitrous oxide are formed from two volumes of 

** By thia means as much as 2,500,000 kilograms of chamber acid, containing about 
00 per cent of the hydrate H3SO4 and about 40 per cent, of water, may be manufactured 
per year in one plant of 6,000 cubic metres capacity (without stoppages). This process 
has been brought to such a degree of perfection that as much as 800 parts of the hydrate 
H ; S0 4 are obtained from 100 parts of sulphur, whilst the theoretical amount is not 
greater than 806 parts. The acid parts with its excess of water on heating. For this 
purpose it is heated in lead vessels. However, the acid containing about 75 per cent, of 
the hydrate (60° Bauml) already begins to act on the lead 'when heated, and therefore 
the further removal of water is conducted by evaporating in gloss or platinum vessels, 
as will be described in Chapter XX. The aqueous acid (50 9 Baume) obtained in the. 
chambers is termed chamber acid. The acid concentrated to 60° Baume is more 
generally employed, and sometimes the hydrate (06° Baumd) termed vitriol acid is also 
used. In England alone more than 1,000 million kilograms of chamber acid an* produced 
by this method. The formation of sulphuric acid by the action of nitric acid was dis- 
covered by Drebbel, and the first lead chamber was erected by Roebuck, in Scotland, in 
tho middle of the last century. The essence of the process was only brought to light at 
the beginning of this century, when many improvements were introduced into practice. 

** If tho hydrate HNOj corresponds to N-jO^, the hydrate HNO, hyponitrous actrf, 

corresponds to N 8 0, and in this sense N 3 is hyponitrou* anhydride. Hyponitros* 

acid, corresponding with nitrous oxide (as its anhydride), is not known in a pure state, 

but its salts (Divers) are known. They are prepared by the reduction of nitrous (and 

consequently of nitric) salts by sodium amalgam. II this amalgam be added to a cold 

solution of an alkaline nitrite until the evolution of gas ceases, and the excess of alkali 

saturated with acetic acid, an insoluble yellow precipitate of silver hyponitrite, NAgO, 

will be obtained on adding a solution of silver nitrate. This hyponitrite is insoluble in 

cold acetic acid, and decomposes when heated, with the evolution of nitrous oxide. If 

rapidly heated it decomposes with an explosion. It is dissolved unchanged by week 

mineral acids, whilst the stronger acids (for example, sulphuric and hydrochloric acids) 

decompose it, with tho evolution of nitrogen, nitric and nitrous acids remaining in solution. 

Among the other salts of hyponitrous acid, HNO, the salts of lead, copper, and mercery 

**« insoluble in water. Judging by the bond between hyponitrous acid and the other 

5°Hipounds of nitrogen, there is reason for thinking that its formula should be doubled, 

aH a 2 . For instance, Thoune (1893) on gradually oxidising hydroxylamine, NH 2 (0H), 

obi£ nitroU8 *° id ' N0 ( 0H ) (Note 25), by means of an alkaline solution of KMnO* first 

k **>taed hyponitrous acit, N 9 H a Oa, and then a peculiar intermediate acid, N t Hy0 3 , which, 

tlf /° rtner oxidation, gave nitrous acid. On the other hand, Wislicenus (1893) showed 

£•*** the action of the sulphuric acid salt of hydroxylamine upon nitrite of sodium, 

w *• 'armed, besides, nitrons oxide (according to V Meyer, NHsOH,S0 4 *NsNO» 
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nitrogen and one volume of oxygen, which may be shown by the ordinary 
method for the analysis of the oxides of nitrogen (by passing them over 
red-hot copper or sodium). In contradistinction to the other oxides of 
nitrogen, it is not directly oxidised by oxygen, bat' it may be obtained 
from the higher oxides of nitrogen by the action of certain deoxidising 
substances ; thus, for example, a mixture of two volumes of nitric oxide 
and one volume of sulphurous anhydride if left in contact with water 
and spongy platinum is converted into sulphuric acid and nitrous oxide, 
2NO+SOj + HjO=H 2 S0 4 + N a O. Nitric acid, also, under the action 
of certain metals — for instance, of zinc* 8 — gives nitrous oxide, although 
in this case mixed with nitric oxide. The usual mettfod of preparing 
nitrous oxide consists in the decomposition of ammonium nitrate by the 
aid of heat, because in this case only water and nitrous oxide are formed, 
NH 4 N0 8 =2H 8 0+N a O (a mixture of NH 4 C1 and KNO a is sometimes 
. taken). The decomposition 69 proceeds very easily in an apparatus like 
that used for the preparation of ammonia or oxygen — that is, in a 
retort or flask with a gas-conducting tube. The decomposition must, 
however, be carried on carefully, as otherwise nitrogen is formed from 
the decomposition of the nitrous oxide.* 

* NaH80 4 + 2H3O + NjO), a small amount of hyponitrous acid which may be precipitated 
in the form of the silver aalt ; and this reaction it most simply expressed by taking the 
doubled formula of byponitrous acid, NH,(OH) + NO(OH) - H 3 + N,H a 2 . The best 
argument in favour of the doubled formula is the prope rt y possessed by byponitrous acid 
of forming acid salts, HNaN a 2 (Zorn). 

According to Thoune, the following are the properties of hyponitrous acid When 
liberated from the dry silver aalt by the action of dry sulphuretted hydrogen, hyponitrous 
acid is unstable, and easily explodes even at low temperatures. But when dissolved in 
water (having been formed by the action ai hydrochloric acid upon the silver salt), it is 
stable even when boiled with dilute acids and alkalis. The solution is colourless and 
has a strongly acid reaction. In the course of time, however, the aqueous solution also 
decomposes into nitrous oxide and water: The complete oxidation by permanganate of 
potash proceeds according to the following equation < 6ELjN 3 2 + 8KMnO< + 12H 3 S0 4 
- IOHNO3 + 4K2SO4 + 8M11SO4 + 12H a 0. In an alkaline solution, KMn0 4 only oxidises 
byponitrous acid into nitrous and not into nitric acid. Nitrous acid has a decomposing 
action upon hyponitrous acid, and if the aqueous solutions of the two acids be mixed to- 
gether they immediately give off oxides of nitrogen. Hyponitrous acid does not liberate 
CO} from its salts, but on the other hand it is not displaced by COj. 

• It is remarkable that electro-deposited copper powder gives- nitrous oxide with a 
10 px. solution of nitric acid, whilst ordinary copper gives nitric oxide. It is here 
evident that the physical and mechanical s tr u c tur e of the substance affects the course of 
the reaction— that is to say, it is a case of contact-action. 

• This decomposition is accompanied by the evolution of about 25,000 calories per 
molecular quantity, NH4NO3, and therefore takes place with ease, and sometimes with 
an explosion 

70 In order to remove any nitric oxide that might be present, the gas obtained is 
passed through a solution of ferrous sulphate. As nitron's oxide is very soluble in cold 
water (ai 0°, 100 volumes of water dissolve 180 volumes of N,0 ; at 90°, 67 volumes), it 
most be collected over warm waters The nitrous oxide is much more soluble than nisria 
aide, which is in agreement. with -the fact that nitron* ojio> is much more easily hquene4 

•14 
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Nitrous oxide U not a permanent gas (absolute boiling point + 36°) » 
it is easily liquefied by the action of cold under a high pressure , at 
15° it may be liquefied by a pressure of about 40 atmospheres. This 
gas is usually liquefied by means of the force pump 71 shown in fig. M 




Fro. 61.— Natterer*s apparatus for the preparation of liquid nitrous oxide and oarbonio anhydride. 
The gas first passes though the Teasel v, for drying, and then into the pump (a section of the 
upper part of the apparatus is siren on the left). The piston t of the force pump is moved by the 
crank E and fly-wheel turned by hand. The gas is pumped into the iron chamber A, where it la 
liquefied. The valve 8 allows the gas to enter A, but not to escape from it. The ohamber and 
pump are cooled by the jaoket B, filled with ioe. When the gas is liquefied the vessel A is un> 
screwed from the pump, nud the liquid may be poured from it by iuverting it and unscrewing the 
valve t, wbeo the liquid runs oig of the tube x 

than nitric oxide Villard obtained a crystallohydrate, N 3 06H*0, which waa tolerably 
etable at 0° 

71 Faraday obtained liquid nitrous oxide by the same method as liguid ammonia, 
by heating dry ammonium nitrate in a closed bent tube, one arm of which was immersed 
in a freezing mixture. In this case two layers of liquid are obtained at the cooled end, 
a lower layer of water and an upper layer of nitious oxide. This experiment should be 
conducted with great care, as the pressure of the nitrous oxide in a liquid state is oon. 
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As it is liquefied with comparative ease, and as the cold produced by its 
vaporisation is very considerable, 72 it (as also liquid carbonic an- 
hydride) is often employed in investigations requiring a low tempera- 
ture. Nitrous oxide forms a very mobile, colourless liquid, which acta 
on the skin, and is incapable in a cold state of oxidising either 
metallic potassium, phosphorus, or carbon ; its specific gravity is 
slightly less than that of water ^° = 0910, 10° ss 0*856, 35° = 060, 
39° = 0-45, Villard, 1894). When evaporated under the receiver of an 
air-pump, the temperature falls to — 100°, and the liquid solidifies 
into a snow-like mass, and partially forms transparent crystals. Both 
these substances are solid nitrous oxide. Mercury is immediately 
Solidified in contact with evaporating liquid nitrous oxide. 73 

When introduced into the respiratory organs (and consequently 
into the blood also) nitrous oxide produces a peculiar kind of intoxica- 
tion accompanied by spasmodic movements, and hence this gas, 
discovered by Priestley in 1776, received the name of * laughing gas.' 
On a prolonged respiration it produces a state of insensibility (it is an 
anaesthetic like chloroform), and is therefore employed in dental and 
Surgical operations. 

Nitrous oxide is easily decomposed into nitrogen and oxygen by the 
action of heat, or a series of electric sparks ; and this explains why a 
number of substances which cannot burn in nitric oxide do 80 with 
great ease in nitrous oxide. In fact, when nitric oxide gives some 
oxygen on decomposition, this oxygen immediately unites with a fresh 
portion of the gas to form nitric peroxide, whilst nitrous oxide does 
hot possess this capacity for further combination with oxygen. 74 A 
mixture of nitrous oxide with hydrogen explodes like detonating 

siderable, namely (according to Regnault), atv +10°<=45 atmospheres, at 0° = 86 atmo- 
spheres, at -10°«=29 atmospheres, and ai !-20°»23 atmospheres. It boils at -92°. 
and the pressure is then therefore - 1 atmosphere (tee Chapter II., Note 27). 

T> Liquid nitrons oxide, in vaporising at the same pressure as liquid carbonic 
anhydride, gives rise to almost equal or even slightly lower temperatures. Thus at a 
pressure of 35 mm. carbonic anhydride gives a temperature as low as — 115°, and nitrous 
oxide of —125° (Dewar). The similarity of these properties and even of the absolute 
boiling point (CO Q + 82°, N a O + 86°) is all the more remarkable because these gases have 
the same molecular weight » 44 (Chapter VII.) 

n A very characteristic experiment of simultaneous combustion and intense cold 
may be performed by means of liquid nitrous oxide f if liquid nitrous oxide be poured 
into a test tube containing some mercury the mercury will solidify, and if a piece 
of red-hot charcoal be thrown upon the surface of the nitrous oxide it will continue to 
burn very brilliantly, giving rise to a high temperature. 

u In the following chapter we shall consider the volumetric composition of the 
oxides of nitrogen. It explains the difference between nitrio and nitrous oxide. 
.Nitrous oxide is formed with a diminution of volumes (contraction), nitrio oxide without 
contraction, its volume being equal to the sum of the volumes of the nitrogen and oxygen 
of which it is composed. By oxidation, if it could be directly accomplished, two volumes of 
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gas, gaseous nitrogen being formed, N,0+H 2 =H 2 0+Nj. The 
volume of the remaining nitrogen is equal to the original volume of 
nitrous oxide, and is equal to the volume of hydrogen entering into 
combination with the oxygen ; hence in this reaction equal volumes of 
nitrogen and hydrogen replace each other Nitrous oxide is also very 
easily decomposed by red-hot metals ; and sulphur, phosphorus, and 
charcoal burn in it, although not so brilliantly as in oxygen. A sub* 
stance in burning in nitrous oxide evolves more heat than an equal 
quantity burning in oxygen ; which most clearly shows that in the 
formation of nitrous oxide by the combination of nitrogen with oxygen 
there was not an evolution but an absorption of heat, there being no 
other source for the excess of heat in the combustion of substances in 
nitrous oxide (see Note 29). If a given volume of nitrous oxide be 
decomposed by a metal — for instance, sodium — then there remains, 
after cooling and total decomposition, a volume of nitrogen, exactly 
equal to that of the nitrous oxide taken ; consequently the oxygen is, 
so to say, distributed between the atoms of nitrogen without producing 
an increase in the volume of the nitrogen. 

nitrous oxide and one volume of oxygen would not give three but four volumes of nitrio 
oxide. These facts must be taken into consideration in comparing the calorific equi- 
valents of formation, the capacity for supporting combustion, and other properties of 
nitrous and nitrio oxides, N*0 and NO 
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